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THE MOLECULAR STRUCTURE AND ARRANGEMENT 
IN STRETCHED NATURAL RUBBER * 


Dorotuy G. FISHER 


RESEARCH FELLOW OF THE RESEARCH ASSOCIATION OF British RUBBER MANUFACTURERS, 
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, UNIVERSITY OF LONDON, 
Lonpon, ENGLAND 


INTRODUCTION 


X-ray fiber diagrams were first obtained from stretched natural rubber by 
Katz! in 1925. Since then, many workers have examined rubber in both the 
stretched and unstretched state and have made estimates of the lattice con- 
stants of the pseudocrystalline structure produced on stretching. Bunn? 
recorded an important advance when he arrived at a detailed atomic structure 
for the extended molecule by appreciating the relative intensity distribution 
in the x-ray pattern and applying the trial and error method. This structure, 
though it could not be claimed as final, did not conflict with the observed facts. 
Other workers, notably Jeffrey, with Cox and Bateman’, realizing that the 
experimental data available from a fiber diagram are insufficient for a unique 
Fourier synthesis of the atomic positions, preferred to examine the crystal 
structure of relatively simple materials containing isoprene units or related 
atomic groupings, from which the configuration of the elementary units in the ~ 
poly-isoprene chain might be inferred. It is clear, however, that we are still 
far from having reached finality in the determination of the molecular structure 
and arrangement in natural rubber. 

Electron-diffraction patterns have been obtained from both stretched and 
unstretched natural rubber by Trillat and Motz‘ and by Kruilov’, but have 
hitherto added little to the data already provided by x-rays, chiefly owing to 
the fact that the intensity distribution in the electron-diffraction patterns 
obtained from thin films is so markedly influenced by the relaxation of the 
third Laue condition. 

In 1937 Finch and Wilman’ first drew attention to the fact that the trans- 
mission-spot patterns obtained from single crystals of a number of aromatic 
compounds were associated with a remarkable pattern built up of diffuse areas 
of scattering, and they recognized that this diffuse scattering pattern originated 
from the molecule and was not due to the lattice as a whole. Indeed, in 1939, 
with Charlesby’, they showed that this diffuse-zone pattern was due to mole- 
cules which, though oriented with respect to the beam in accordance with the 
crystal orientation, were apparently executing thermal vibrations about their 
mean lattice positions. The pattern resembled, except for a slowly varying 
radial factor, that to be expected if the electron beam had been scattered by 
independent isolated molecules which had the same orientation as in the normal 
crystal. It is clear that this diffuse background pattern should, on account of 
its molecular origin, help in determining both the molecular structure.and the 
molecular orientations in organic crystals which exhibit, as in anthracene, 


* Reprinted from the Proceedings of the Physical Society (London), Vol. 60, No. 1, pages 99-114, 
January 1948. 
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sufficient regularity of atomic arrangement within the molecule. It has now 
been found possible to obtain well-marked diffuse background patterns from 
stretched raw rubber, and these have thrown fresh light on the structure and 
arrangement of the molecules in natural rubber. 


EXPERIMENTAL 


Transmission patterns were obtained from films which were stretched to 
about ten times their original length, the thickness of the film before stretching 
being of the order of 2000 A., as estimated from the interference colors under 
oblique illumination. The films were prepared by spreading a few drops of a 
solution of rubber in benzene on a clean water surface in a Langmuir trough; 
two chromium-plated bars were then placed across the trough and drawn apart, 
thus stretching the rubber film adhering to their lower surfaces. A portion of 
the stretched film was then picked up on a grease-free nickel gauze and exam- 
ned in a Finch-type electron diffraction camera working with a camera length 
of 47 cm. and an accelerating voltage of 50-60 kv. 

The types of pattern obtained are illustrated in Figures 1 (a), (0), (c). 
Generally speaking, all the patterns showed evidence of both the normal crys- 
talline and the diffuse-zone patterns. The most favorable exposure conditions 
for bringing out the two were, however, different; a comparatively long ex- 
posure was required for the diffuse background pattern. Thus Figures 1 (a) 
and (6) show the crystalline patterns obtained with a short exposure (about 
10 seconds), with the film perpendicular to the beam for Figure 1 (a) and 
inclined at an angle of 45° for Figure 1 (6), the fiber axis remaining perpendicu- 
lar to the beam in both cases, while Figure 1 (c) shows a typical diffuse-zone 
pattern of long exposure (30 seconds) taken with the film perpendicular to the 
beam. Well defined diffuse-zone patterns have not wet been obtained with the 
film sufficiently inclined to the beam to make any appreciable difference to this 
pattern, since the greater effective thickness of the film gives rise to sundry 
confusing effects, such as a charging up of the specimen and loss of orientation 
under the prolonged electron bombardment necessitated by this greater thick- 
ness. It is probable also that the diffuse background pattern would still not 
be given prominently by the steeply inclined films, even if these disturbing 
influences could be eliminated, because, in the case of a single crystal, the 
intensity of the background pattern relative to that of the spot pattern should, 
according to Charlesby, Finch and Wilman’, vary inversely with the number of 
atoms in the crystal flooded by the electron beam, which is in this case propor- 
tional to the effective thickness of the film. 


THE ARC PATTERN 


In appreciating the electron diffraction patterns, the first step was to 
ascertain what measure of agreement existed between the arc pattern and the 
x-ray fiber diagram. A number of unit cells differing in detail have been 
proposed by various x-ray workers, but as Bunn? has made the only complete 
structure analysis, his work was taken as giving the best available data; his 
proposed unit cell is monoclinic, with a = 12.46 4., b = 8.89 a., ¢ (orientation 
axis) = 8.10 a., 8 = 92°, and space group P2,/a. 

It is immediately clear from the difference between Figures | (a) and | (db) 
that the crystalline regions in the rubber films examined here have a strongly 
preferred orientation in the plane of the rubber film. A rough calculation 
indicated that this orientation was such that the a and c axes tended to lie in 
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Fia. 1 (a).—Are pattern with specimen Fra. 1 (b).—Are pattern with specimen 
perpendicular to beam. inclined at 45° to beam. 
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Fia. 1 (c).—Pattern showing diffuse zones in addition to ares. 
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the plane of the rubber film. Working on this basis and using, for a first trial, 
the orthorhombic cell, with a = 12.5 4.,b = 8.94.,c = 8.1 4., B = 90°, which 
is a slightly simplified version of Bunn’s proposed cell, it was found possible 
to index all the spots appearing in the present work (Table 1). There were 
no results specifically requiring the monoclinic cell, but the possibility of this 
being the true cell cannot be ruled out, as a deviation of 2° in 8 would not, in 
general, be observable in view of the angular spread of the arcs caused by 
imperfections in the orientation. Bunn himself only introduced this deviation 
of 8 from 90° at a late stage in his calculations so as to account for one weak 
spot which is unlikely to occur in these patterns because the specimen was 
stationary during the recording of the pattern. The systematic absences, 
while conforming to the requirements for the space group P2,/a, would satisfy 
equally well the higher and true orthorhombic symmetry of P2,2,2; requiring 
spots of types (h00), (0k0), or (001) absent for odd values of h, k, or 1; but again, 
reference to Bunn’s calculated intensity values indicates that, while (001) spots 
are theoretically present for odd values of |, they are so weak as to be unlikely 
to appear in the recorded pattern except in unusually favorable circumstances. 
The intensity distribution among the ares in the electron diffraction patterns, 
Figures 1 (a) and 1 (6), cannot be rigorously compared with that of the x-ray 
pattern, as it is influenced by the extent of the range of orientations present in 
the specimen, the relaxation of the third Laue condition, and the fact that the 
specimen was examined in selected stationary positions, thus enhancing the 
intensity from sets of planes which were preferentially oriented in a direction 
parallel to the beam. It is, nevertheless, of interest to note that, making some 
allowance for these factors, there is good qualitative agreement in intensity 
distribution between the electron diffraction patterns and the normal (001) 
oriented x-ray fiber diagram (Table 1). Thus it appears that, while the elec- 
tron diffraction arc pattern would fit a rather simpler cell having the ortho- 
rhombic form and space group P2;2,2;, there is no evidence which conflicts 
with the small change in 6 favored by Bunn and the space group P2,/a; further- 
more, the intensity distribution is in qualitative accord with that of the x-ray 
patterns. 

With regard to the absolute value of the identity period, however, a real 
discrepancy between the electron diffraction results and Bunn’s values appears. 
Thus the best estimates of a and c measured against the graphite standard (110) 
ring*, 1.228 kx., were 12.46 + 0.02 kx. and 8.23 + 0.02 kx., compared with 
Bunn’s values of 12.46 a. and 8.10 A. respectively, from which it is seen that 
the present estimate of the identity period differs significantly from Bunn’s 
value of 8.10 a. although the two values for the a axis are in good agreement. 
These measurements were made on strong ares of the (h00) and (001) ‘type, 
and the graphite comparison ring was introduced by permitting a drop of 
diluted graphite suspension in water to spread and dry out on the stretched 
rubber film. The third axial length 6 was not investigated in detail as no spots 
of the (0k0) type appear in transmission patterns on account of the strongly 
preferred orientation with this axis perpendicular to the plane of the rubber 
film. 

Notwithstanding the difference in the absolute value of the identity period, 
the general agreement in form between the electron diffraction and x-ray 
results justifies the use of Bunn’s atomic coérdinates as a basis for a preliminary 
investigation of the molecular origin of the diffuse-zone pattern. 
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THE DIFFUSE-ZONE PATTERN 


The pattern reproduced in Figure 1 (c) shows three distinct features: these 
are, (1) the haloes characteristic of the amorphous or liquid state, (2) a pattern 
of ares forming a typical crystal fiber diagram, and finally, (3) a number of 
diffuse zones, the so-called diffuse background pattern ascribed by Charlesby, 
Finch and Wilman’ to molecular displacement by thermal motions. It is in 
these zones and their relation to the crystalline pattern that the main interest 
of this work lies. 

Since the diffuse zones in the inner regions of the pattern are associated 
with clusters of ares, it might at first be thought that they arose from some dis- 
tortion of the crystalline lattice, giving rise to broadening of the ares. Two 
considerations, however, indicate that this cannot be the whole explanation of 
the diffuse-zone pattern; these are that the broadening does not increase with 
increasing angle of diffraction, and that the diffuse zones occur in the outer 
regions of the pattern where there is no sign of associated ares. Consequently 
we are led to some further consideration of the observed pattern in relation 
to the characteristics which would be expected on the molecular thermal vibra- 
tion theory. 

In connection with their work on anthracene, Finch, Wilman and Charlesby? 
developed a theoretical expression for the intensity arising from a group of 
rigid molecules oriented in accordance with the crystalline arrangement, but 
undergoing thermal vibrations. They found that the resulting pattern should 
consist of two parts: (1) the Laue spot pattern characteristic of the periodicities 
of the crystal lattice, and (2) a pattern of diffuse zones characteristic of the 
atomic arrangement within the molecules, and that the intensities of the diffuse 
zones should increase relative to those of the Laue spots with increasing 
angle of diffraction. These conclusions were borne out by their diffraction 
patterns from anthracene, and the present rubber patterns show closely similar 
features, for it has been shown that the are pattern corresponds to the normal 
crystalline arrangement, and it is readily evident from Figure 1 (c) that the 
diffuse zones become increasingly more intense relative to the arcs with in- 
creasing angle of diffraction; in fact, they remain prominent in the outer regions 
of the recorded pattern where the ares have ceased to be even faintly visible. 

Thus the evidence points strongly toward the conclusion that the observed 
diffuse-zone pattern has this molecular origin. In what follows it is assumed 
that this is the case and, consequently, that the arrangement of the diffuse 
zones is characteristic of the atomic arrangement within the molecules and 
should therefore enable us to define the structure of rubber more closely than 
has hitherto been possible. 

To use the diffuse-zone pattern in this way, it is first necessary to consider 
the general form of the molecules involved and to make certain broad assump- 
tions as to the manner in which they may be expected to vibrate. It is gener- 
ally accepted that natural rubber is a long-chain polymer of isoprene, and that 
its rubberlike properties arise from the great flexibility which the mole¢ules 
exhibit on account of the freedom of rotation of consecutive units about single 
bond linkages. It is, therefore, obvious that the theory developed for anthra- 
cene, in which the molecules were treated as rigid vibrating entities, cannot be 
applied directly to the long flexible molecules of rubber; a fundamental treat- 
ment of the problem requires some account to be taken of the relative move- 
ments of the atoms within the molecule. As a beginning, however, the 
simplified case can be examined, where the molecule is regarded as being 
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divided into fairly short segments, which undergo displacements relative to 
one another as a result of thermal vibrations, while the atoms within a segment 
remain at rest relative to one another. 

The question then arises as to what length of molecule can be considered 
to be included in a single segment. One obvious choice would be to regard 
each isoprene unit as a virtually rigid vibrating entity. There would, however, 
be some considerable simplification in the work of interpreting the diffuse-zone 
pattern if it were supposed to arise from a longer length of the molecule, since 
such a segment, including a number of identical units, would show a greater 
degree of geometrical regularity. It therefore seems worth considering whether 
any such choice would be reasonable, and in this connection it is necessary to 
consider the arrangement of the molecules in an extended specimen of rubber. 
The stretched material is believed to contain a number of pseudocrystalline 
regions where sections of the chain molecules, oriented parallel to one another 
by the stretching, have linked together to form a three dimensional array; 
these regions are interspersed with disordered regions where the molecules are 
twisted and tangled in an entirely random manner. The length of a single 
molecular chain" is about 10,000 a., while the average linear extent of a crys- 
talline region, as indicated by the breadth of the ares in the x-ray fiber diagram, 
has been estimated" to be of the order of 600 a. Thus a single chain is likely 
to pass through several regions of order and disorder. The effect on the fiber 
diagram of increasing the extension is to enhance its intensity relative to that 
of the halo pattern, without in any way altering the crystalline spacings; thus 
it would appear that further extension causes more of the material to take up 
the ordered arrangement, while leaving those regions which were already crys- 
talline unaffected. On the other hand, the disordered regions are never 
entirely smoothed out, however great the extension, as is evident from the 
persistence of the halo pattern right up to the maximum extension which the 
material maintains without fracture. 

It would thus appear that we can legitimately regard the extended rubber 
specimen as comprising large numbers of comparatively rigid crystalline regions 
interlaced with disordered regions of greater mobility on which the continued 
extensibility of the material depends. From this argument it is evident that 
there is some justification for supposing that the part of any chain molecule 
included in a single crystalline region might, to a first approximation, undergo 
thermal vibrations as a rigid unit. Such a segment would have a definite 
repeat unit in the direction of the orientation axis (the identity period of the 
are pattern), and could only give rise to diffractions along the same lines as 
the ares in the crystal pattern. Reference to the pattern, Figure 1 (c), shows 
that, except for a small angular spread similar to that observed in the arc 
pattern, the zones do in fact lie near these same lines, thus giving experimental 
support to the hypothesis. Therefore, in the discussion which follows, the 
diffuse-zone pattern has been treated as though it arose from molecular seg- 
ments containing at least 10 to 15 repeat units and with a total length of some 
100 a., each behaving as a self-contained array of scattering centers diffracting 
quite independently of any adjacent chain or any other segment in the same 
chain. It is, nevertheless, appreciated that once the general lay-out of the 
molecule has been defined, some further refinements may be obtained by taking 
into account the relative movements of atom groups within a segment and 
considering the pattern to be anticipated from individual isoprene units. An 
investigation of this kind is now being undertaken. 

The interpretation of the pattern has been approached by the trial and error 
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method, and to do this it was first necessary to make some deductions, based 
on reasoning from other evidence, as to the atomic structure of the molecule. 
As mentioned above, rubber is a long chain polymer of isoprene; the identity 
period along the extended chain is such that it must include two isoprene units, 
and Bunn? has shown conclusively that it takes up the cis form in relation 
to the double bonds. By analogy with the long chain hydrocarbons, it might 
be anticipated that the chain would be planar, but the identity period along 
the axis of elongation, which all observers agree to be in the region of 8.1-8.2 a., 
is too short to make this possible without serious and improbable distortions 
of the accepted bond lengths and angles; consequently we are forced to the 
conclusion that the molecule is nonplanar. There are, then, many ways in 
which the chain can be supposed to be kinked and twisted to give the observed 
identity period. For the present work, however, two models have been 
selected for investigation: the first is the structure proposed by Bunn, which 
was taken because it was the only complete structure so far proposed on the 
basis of direct experimental results; the second, hypothetical, structure has 
been chosen as involving the minimum of distortion from the wholly planar 
form, and therefore forming a useful basic model on which further modifica- 
tions can be imposed if necessary. It is a model in which all the carbon atoms 
of each isoprene unit are planar and the planes of consecutive units are parallel 
to each other and to the orientation axis; furthermore, all bond lengths and 
angles are normal, the reduction in identity period being attained by straining 
the connecting links between consecutive units out of the plane, so that the 
molecule forms a series of steps up and down as indicated diagrammatically in 
Figure 2. This was, in fact, the molecule selected by Bunn as the initial basis 
for his calculations, but, to satisfy his x-ray spot intensities, he subsequently 
modified it considerably by introducing certain distortions in the bond lengths 
and angles and moving the methyl group out of the main plane of the isoprene 
unit. The atomic codrdinates for one complete repeat unit of eath structure 
are shown in Tables 2 and 3, and their projections along three rectangular 
axes in Figures 3 and 4. 

The problem is, then, to find the positions of the intensity maxima arising 
from a chain segment comprising ten to fifteen such units. In computing 
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Fig. 2.—Rubber molecule—diagrammatic. 
A. Projection in plane of double bonds. B. Projection perpendicular to double bonds. 
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TABLE II 
Atomic CoérpDINATES (A), FOR BuNN’s MOLECULE—SINGLE Repeat UNIT 


(a) As given by Bunn". Left-handed “up” molecule. Referred to crystallographic 
axes a = 12.46, b = 8.89, c = 8.10 4., a = y = 90°, B = 92°. 


& ‘2 ‘a Cy Cs Ce Ci ‘ Cs Cio 
(CH) G (Ci) (CH) (CHs3) (CH) (C) (Cin (CH2) (CHs) 
a, 0.7538a 0.854a 0.845a 0.745a 0.968a 0.744a 0.644a 0.659a 0.757a 0.532a 


y: 0.899b 0.8656 0.905b 0.959b 0.876b 0.834b 0.8746 0.905b 0.834b 0.828) 
z 0.802c 0.708¢ 0.542c 0.457¢ 0.773c 0.326c 0.215¢ 0.052c 0.025c 0.268c 


(b) Referred to three “ae axes 2, y, z, and to C, as origin. 
y and z are parallel to b and c, respectively. 
C C2 Cs Cy Ce Ce C; Cs Co Cw 


z 0.000 1.259 1.147 —0.100 2.680 —0.112 —1.357 —1.172 0.050 —2.755 
y 0.000 —0.303 0.052 0.533 —0.205 —0.577 —0.222 0.053 —0.577 —0.632 
z 0.000 —0.846 —2.145 —2.792 —0.328 —3.851 —4.703 —6.034 —6.702 —4.224 


= 


such a pattern we have to take into account two factors: the form of the indi- 
vidual unit, and the existence of a number of such units along the segment 
forming effectively a line diffraction grating with a definite identity period. 
It is only at those positions where both conditions are favorable that maxima 
ean occur. The line grating alone would give rise to maxima along regularly 
spaced lines perpendicular to its own length, while the individual unit would 
give a more complex two-dimensional pattern. Consequently, in the compu- 
tations which follow, the method adopted has been to select the lines along 
which the identity period permits maxima to occur and to examine the intensity 
variations which the atomic arrangement in the single unit gives rise to along 
these lines. In other words, the calculations are made as for a single unit, but 
the repetition of this unit along the molecular segment introduces a geometrical 
regularity which limits the regions over which the resulting pattern need be 
considered. 

Since the molecular segment is nonplanar, it is no longer possible to con- 
struct a single two-dimensional intensity contour map adaptable to any crystal 
orientation by simple linear transformation of the axial lengths, as was done 
in the case of anthracene; instead, each orientation requires a separate contour 


TABLE III 


Atomic CoOrDINATES (A), FOR SIMPLE MoLecuLe Havine PLANE UNITS AND 
STANDARD Bonp LENGTHS AND ANGLES—SINGLE REPEAT UNIT 


(a) Referred to orthogonal axes z, y, z, and to C; as origin. 


Ci C2 C3 Ca Cs Ce Cc: Cs Co Cio 
(CHe) (C) (CH) (CHe) (CHs) (CHe) (C) (CH) (CH2) (CHs) 
ze 1.26 1.26 0 2.51 0.04 —1.22 —1.22 0.04 —2.48 
y oO 0 0 0 0 —1.22 -—122 —1.22 -—1.22 —1.22 
2 0 -0.89 —2.22 -—3.11 0 —4.005 -—-494 -627 -—7.16 —4.05 
(b) Referred to axes x, y, 2 as above, and to the midpoint of C,—Cg as origin. 
Ci C2 Cs Cs Cs Ce + G Cs Co Cio 


x —0.02 1.24 1.24 -0.02 2.49 0.02 -—1.24 —1.24 0.02 —2.50 
y 0.61 0.61 0.61 0.61 061 -0.61 -—0.61 -—-061 -0.61 —0.61 
z 3.58 2.69 1.36 0.47 058 -047 —-1.36 —-269 -3.58 —0.47 


(CH2) (C) (CH) (CHe) (CHs) (CH2) (C) (CH) (CH2) Cio 
Ci Ce Cs Ca Cs Ce C: Cs Co (CHs) 
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(a) yz projection. (6) zz projection. (c) zy projection. 


Fig. 3.—Rubber molecule proposed by Bunn. Projections along three toa paar axes of one left- 
anded ‘‘up” molecule (Bunn’s nomenclature); z axis in direction of extension. 


diagram. However, the only diffuse-zone patterns considered in this work 
were taken with the plane of the rubber film effectively perpendicular to the 
electron beam, and the arc patterns, Figures 1 (a) and 1 (6), indicate a strongly 
preferred orientation with the ac crystallographic plane lying in this plane. 
Consequently we are principally concerned with this one orientation for which 
the z and z axes of atomic coérdinates (which are in the ac plane), Figures 3 
and 4, are perpendicular to the electron beam and the y axis is parallel to it. 
In computing the anticipated intensity distribution for this orientation it is 
only necessary, as will be shown below, to take into account the x and z atomic 








(a) yz projection. (b) xz projection. (c) xy projection. 


Fic. 4.—Suggested rubber molecule with planar isoprene units and standard bond lengths and angles. 
Projections along three orthogonal axes: z axis in direction of extension. 
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coordinates of the molecule. More generally, for other orientations, the 
diffraction pattern can be considered as practically that which would be 
obtained from the projection of the molecule in the plane perpendicular to the 
electron beam. 

The (010) orientation in the film plane is not quite perfect; thus the appear- 
ance of certain spots of the general (hkl) type in the pattern taken with the 
film perpendicular to the beam (Table I) indicates a partial rotation about 
the c axis. In addition, the c axis itself shows some angular deviation from 
its mean position within the ac plane, as is indicated by the drawing out of all 
spots into ares of about 10° angular range, and it seems likely that it will 
similarly suffer some angular deviation in the plane perpendicular to this. 
The most probable situation is something approaching a Gaussian distribution 
of orientation with its maximum frequency in the (010) orientation, and such a 
state of affairs would be expected to result in some broadening of the intensity 
maxima, but should not give rise to any peaks not anticipated for the preferred 
orientation. If the angular spread of direction of the 6 axis is similar to that 
exhibited by the c axis in the (010) plane the broadening will not be appreciable 
since an angular deviation of +5° about an axis normal to the electron beam 
produces little change in the projection of the molecule normal to the beam. 








lia. 5.—Illustration for derivation of intensity relationship. 
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In what follows, therefore, the pattern has been computed for the single orien- 
tation with the zz plane normal to the electron beam. 

The calculation of intensities is based on the following argument (see 
Figure 5). 

Suppose the amplitude of the wave diffracted by any atom p in a direction 
S’ from a wave incident in a direction S to be EZ, (where S and S’ are unit 
vectors). The intensity of the wave resulting from a group of such atoms is 
obtained by adding the amplitudes of the constituent diffracted waves, having 
due regard to their phases, and squaring the result. 

Thus the resultant intensity is given by the expression: 


{ > E, cos (24d,/d)}? + {| OE, sin (24d,/d) }? 
p p 


where d, is the path difference between the wavelet scattered from p and from 
an arbitrary origin, and A is the wavelength of the radiation considered. 
For an atom whose position relative to the origin is given by the vector v, 
we have: 
dy = Up: (S’ — S) 
(Xp + Yp + Zp) (S’ — S) 
(xp + Zp)-(S’ — S) since y,-(S’ — S) = 0 


ae | 


for small ¢. 
If the directions S’ and S strike the photographic plate in points X, Z 
and 0, 0 referred to axes in the plate, we have: 





S’ = (X+Z4L)/vVX? + 272 4+ L where L is the camera length 
= (X¥+2Z+4+L)/L since ¢ < 2° 
and S= L/L 
so that (S’ — S) = (X¥ + Z)/L. 


Hence, the expression for the intensity becomes: 
LE» cos [(24/X)(xp + Zp)-(X + Z)/L]}? 
+ | LE» sin [(2m/A)(xp + Zp)/(X + Z)/L]}? 
= { LEy cos [(24/AL) (a »X + 2pZ) ]}* 
+ | LE» sin [(24/AL)(apX + 2pZ) J}? (1) 


when X and Z are taken parallel, respectively, to x and z, and the axes are 
rectangular. : 

The amplitude EZ, of the wave diffracted from an individual atom depends 
on the scattering power of the atom and on the angle of scattering, the latter 
relationship resulting in a falling off in intensity from the center towards the 
outer parts of the pattern. With regard to the scattering power of the atoms 
concerned, the hydrogen atoms have been neglected as separate scattering 
entities, but have been regarded as adding a little to the effective weight of the 
carbon atom to which they are attached; thus the scattering factors of the 
C, CH, CH: and CH; groups have been taken in the ratio 6:7:8:9, which 
assumption was also made by Bunn in determining his atomic coérdinates. 

In computing intensities the following standard conditions have been taken: 
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the factor AL has been taken as 2.75 a.cm. (for direct comparison with an 
experimental pattern the dimensions of the computed pattern have been 
reduced in the ratio L(observed)/2.75), and the origin of coérdinates has been 
taken as coinciding with the carbon atom C, (Figures 3 and 4). Atomic 
codrdinates have been measured in Angstrém units, and coédrdinates on the 
photographic plate in centimeters. 

Thus, substituting for the various known or assumed values, the expression 
used in the computations of intensity at any point X, Z of the photographic 
plate becomes, for the Bunn molecule: 


( 8 cos [(360/2.75)( 0 - 0 )))? 
+ 6 cos poeererey 1.259X — 0.8462) | 

+ 7 cos [(360/2.75)( 1.147X — 2.1452) ] 
+ 8 cos | (360/2. 75)(— 0.100X — 2. 792Z) | 
} + 9 cos [(360/2.75)( 2.680X — 0. 3282) | 
+ 8 cos [(360/2.75)(— 0.112X — 3.8512) ][ 
+ 6 cos | (360/2.75)(— 1.357X — 4. 703Z) | 
+ 7 cos F (360/2. 75)(— 1.172X — 6.034Z) ] 
+ 8 cos [(360/2.75)(  0.050X —.6.702Z) | 
+ 9 cos [(360/2.75)(— 2.755X — 4.2247) ]J 
rf =68sin 5 ea .75) ( 0 - 0O )] 
+ 6 sin [ (360/2.75)( 1.259X — 0.8462) | 
+ 7 sin | (360/2.75)(  1.147X — 2.145Z) ] 
+ 8 sin | (360/2.75)(— 0.100X — 2.7922) | 

4. J+ 9sin [(360/2.75)( 2.680 — 0. 3282) | (2) 
+ 8 sin [(360/2.75)(— 0.112X — 3.851Z) | 
: + 6 sin [(360/2.75)(— 1.357X — 4.703Z) ] 
+ 7 sin [(360/2.75)(— 1.172X — 6.0342) ] 
+ 8 sin [(360/2.75)( 0.050X — 6.702Z) | 
L+ 9 sin [(360/2.75)(— 2.755X — 4.2242) |J 























and for the second, less distorted, molecule, a similar expression holds but with 
the appropriate atomic coérdinates substituted for the Bunn coérdinates. 

With an identity period of 8.1 a. and with AL = 2.75 the Jayer-line separa- 
tion is 2.75/8.1 em.; in other words the lines near which our preliminary 
assumptions permit intensity maxima to occur have Z values (taken to the 
nearest 0.5 mm.) of 0, 0.35, 0.7, 1.05, 1.35, 1.7, 2.05, 2.4, 2.75, ete., em. In- 
spection of the photographs, however, suggests that the most pronounced 
maxima lie on the even-order layer lines (as might be expected from the simi- 
larity in form of the two halves of the molecule) and consequently the com- 
putations have been confined to those lines. They were carried out in general 
at 2-mm. intervals along these lines, except in a few cases where intermediate 
values were obtained. Angles in the structure-factor expression were taken 
to the nearest degree. 

The molecule has four possible orientations in the film, for the conditions 
governing its orientation are that the c axis direction (z axis of codrdinates) 
shall lie in the direction of extension, and that the plane of the isoprene units 
(xz projection) shall be parallel to the plane of the film. From Figures 3 (a) 
and 4 (a), which show the appropriate projection, these conditions are seen still 
to be fulfilled if the whole molecule is rotated through 180° about the z or z 
axis or both. Taking the axes of coérdinates as fixed in relation to the film, 
this is equivalent to changing the sign of either the x or z coérdinates, or both. 
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Now it is reasonable to suppose that any section of the film impinged on by the 
electron beam will include equal numbers of molecules in all the possible 
orientations; consequently, in computing, it is necessary to consider the inten- 
sities arising from each of these orientations, the resulting intensity at any 
point being the sum of that due to the separate constituents taking into account 
the basic assumption of no phase relationship between adjacent molecules. 
In fact it is necessary only to consider two of the orientations because, owing 
to the squares, the expression (1) for the intensity arising from a single molecu- 
lar unit is not affected when the signs of both the atomic codrdinates are 
reversed. It is also necessary only to consider one quadrant of the pattern 
because the effect on the expression (1) of reversing the sign of either X or Z 
is precisely the same as that of reversing the sign of the corresponding atomic 
coérdinates. In the case of the undistorted molecule, the atomic configuration 
shows some degree of symmetry, which is best seen from Table IT (6), in which 
the origin of codrdinates has been moved to the midpoint of the repeat unit. 
This introduces a further simplification to the computations, for the two orien- 
tations z, z and x, —z now give identical intensity distributions as long as we 
confine ourselves to the layer lines; for, provided that the ten atoms of the 
repeat unit are regarded as repeating indefinitely (which is what confining our 
attention to the layer lines implies), a change from the z, z to the x, —z orienta- 
tion merely implies a change of origin from the point C, to the point Cs (Table 
III), which cannot have any effect on the computed pattern since the choice 
of origin is purely arbitrary. Therefore, for the undistorted model, calcula- 
tions were carried out for the z, z orientation only, and the values were multi- 
plied by two to compare with the summed intensities for the two orientations 
of the Bunn molecule. 


COMPARISON OF COMPUTED PATTERNS WITH 
OBSERVED PATTERN 


The computed intensity distributions along the zero, 2nd, 6th, 8th, 10th 
and 12th layer lines are shown in Figures 6 (a)-(f)._ The fourth layer line has 
been omitted, since it showed no pronounced maxima. An attempt has been 
made to construct the patterns which would be anticipated from the positions 
of these maxima, and the results are shown in Figures 7 (a) and 7 (6), together 
with a trace taken from an experimental pattern, Figure 7 (c). In constructing 
these patterns it has been assumed that the visible breadth of the diffraction 
maxima corresponds to the half-maximum breadth of the intensity peak, and 
that the imperfections of molecular orientation are of the order indicated by 
the extent of the ares in the Laue spot pattern, so that the whole pattern 
suffers an angular spread of about 9°. The length of the molecular segment 
considered has been taken as sufficient to limit the layer lines to true lines, the 
apparent breadth of the diffuse zones in the c axis direction arising solely from 
the small rotation referred to above. 

The similarity in form between the computed and experimental patterns 
is readily evident, and gives ample support to the fundamental theory on which 
the calculations are based; that is, we are justified in assuming that the ob- 
served diffuse-zone pattern arises from molecules which are oriented much as 
in the crystal but behave as entirely independent groups of scattering centers. 
In other words, the pattern is characteristic of what would be expected from a 
group of oriented molecules in a pseudo-gaseous phase. 

A close inspection of the curves (Figures 6 (a)—(f)) reveals significant differ- 
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(a) Zero Order Z =O (b) 2% Order Z =0:7 
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Fic. 6.—Computed intensities along layer lines for the two atomic configurations investigated. 


———— Model with planar units and standard bond lengths and angles. 
-- -- Model due to Bunn. 
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(a) Computed pattern for model (b) Computed pattern for (c) Observed pattern (traced 
due to Bunn. model with planar units from Figure 1 (c)). 
and standard bond 
lengths and angles. 


F1qa. 7.—Computed and observed diffuse zone patterns. 
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ences between the intensity distributions from the two models. The most 
striking difference is along the eighth layer line where the two curves of Figure 
6 (d) show entirely different characteristics, the Bunn model giving rise to 
three weak peaks at roughly 0.5, 1.5 and 2.5 em. from the center, while the 
undistorted model gives a central strong peak, and a second of about the same 
intensity at 2.2 em. Comparison with Figure 1 (c), and with the traced 
experimental pattern, Figure 7 (c), shows that the undistorted model is in far 
better agreement with experiment in this region; in fact, along this line the 
agreement is exact within the technical limitations of the patterns. The next 
characteristic difference between the two models is that the undistorted form 
gives sharper peaks; thus on the tenth and twelfth layer lines the Bunn model 
shows no pronounced peaks, but only certain wide zones of slightly increased 
intensity, while the undistorted model and the experimental pattern both show 
well defined peaks along these lines. The experimental data and undistorted 
model pattern are again in fairly good agreement in relation to peaks at 2.2 
and 1.1 em. on the tenth and twelfth orders respectively; these could well 
coalesce and give rise to the extended zone BB’ (Figure 7 (b)), though the 
position of this observed zone is not quite what would be expected from the 
computed intensities. The error is probably not serious, since the observed 
pattern is very faint and of poor definition in these outer regions, and the 
computed intensity maxima here are highly sensitive to small changes in the 
atomic coérdinates owing to the large values of their coefficients. Along the 
zero and sixth order layer lines the two computed patterns are in good agree- 
ment with one another and with observation. On the second order line they 
differ again slightly, the undistorted model still giving more definite peaks 
though, while the peak at 1 cm. accords well with observation, the moderate 
peak to be expected at 3.2 em. is absent from the experimental pattern. 

It would thus appear that, while both the molecular models investigated 
give rise to patterns agreeing in their broad general characteristics with those 
actually observed in the diffuse-zone electron-diffraction pattern, a more 
detailed examination shows that the computed intensity curves from the undis- 
torted model are in much closer agreement with the facts than is the case with 
Bunn’s model. This agreement is in fact remarkably good, the only discrep- 
ancy being the absence from the experimental pattern of a peak to be expected, 
in the case of the undistorted model, on the second-order layer line at 3.2 cm. 
In particular, the undistorted model gives much the better agreement along 
the eighth-order layer line, where the most sharply defined zones in the experi- 
mental pattern occur, and where Bunn’s model gives an intensity distribution 
which is entirely at variance with observation. 


CONCLUSIONS 


Although there are still some minor discrepancies to be resolved, the appear- 
ance of the diffuse-zone electron-diffraction pattern arising from thin films of 
stretched natural rubber is adequately explained on the basis of the thermal 
oscillations of the long-chain rubber molecules in the crystalline regions, this 
pattern being analogous to that which would be given by a stream of oriented 
molecules in a pseudo-gaseous condition. As Charlesby, Finch and Wilman’ 
pointed out, the diffuse-zone pattern has distinct advantages in the examina- 
tion of complex molecules, since it gives a direct indication of the configuration 
of the molecule, independent of its mode of fitting into any particular crystalline 
lattice. In spite of the diffuseness of the patterns with which we are dealing 
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a study of the diffuse zone or molecular pattern has shown that it is possible 
to discriminate decisively between two postulated atomic configurations which 
do not differ greatly. 

In the case of natural rubber, neither of the two configurations investigated 
agrees in every respect with experiment, but the evidence brought forward 
above supports the view that the atomic arrangement in the stretched rubber 
molecule approximates to a simple form having planar units and standard bond 
lengths and angles, rather than to the more complex form hitherto considered. 
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PYROLYTIC DEPOLYMERIZATION OF RUBBER 
INTO ISOPRENE * 


B. B. S. T. Boonstra ano G. J. VAN AMERONGEN 


RvussBerR Founpation, Deter, HOLLAND 


The decomposition of rubber by thermal action has frequently been an 
object of research'. Mostly a mixture of a large number of unimportant 
hydrocarbons has been produced. However one of these, isoprene, can be 
used as a raw material for the production of synthetic rubber, in the same way 
as butadiene. 

Rubber can be partially depolymerized to isoprene under the influence of 
heat according to the reaction: 


Hs; H; 

C C 
H, | H H | >z/H. | H H, 
—O~Cel—C— ], c=C—C=C 


This depolymerization can be compared with the well known preparation of 
isoprene from dipentene or limonene. According to Staudinger and Klever? 
it is possible to obtain a yield of 68 per cent of crude isoprene, starting with 
pure limonene, by passing limonene vapors several times over a heated coil in 
high vacuum. Davis, Goldblatt, and Palkin* obtained similar results. 

The most important work on depolymerizing rubber into isoprene was 
carried out by Bassett and Williams‘. Previous investigators had mentioned 
isoprene only incidentally as one of the distillation products of rubber. Bassett 
and Williams attempted to obtain a maximum yield of isoprene by various 
methods of distillation. The best result, 16.7 per cent of pure isoprene, was 
found by dropping pieces of rubber on a hot surface at 600° C and at ordinary 
pressure. The higher boiling fraction from the distillate, containing dipentene, 
was treated in a Harries isoprene lamp to obtain more isoprene. By com- 
bining the two processes, a total yield of 23 per cent of isoprene was obtained 
from rubber. Bassett and Williams also dropped solutions of rubber on a 
heated surface, but the yield was then only 5.5 per cent of isoprene. 

The purpose of the present investigation was to investigate the pyrolysis 
of rubber more thoroughly in order to find the best conditions for depolymeri- 
zation into isoprene. 


DISCONTINUOUS PROCESS 


Figure | shows the first apparatus set up. The rubber in a small open 
container was placed in the left-hand part and quickly distilled. A stream of 
nitrogen was fed into the evaporation zone and mixed with the rubber vapors 
to carry them off through a high-temperature cracking zone. 

The heating of the evaporation and cracking zones was regulated electrically ; 
the temperatures of the evaporating rubber and the cracking zone were con- 


* Reprinted from Industrial and Engineering Chemistry, Vol. 41, No. 1, pages 161-167, January 1949. 
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trolled by thermocouples. The cracking products were led into receivers cooled 
to —80° C, one of the receivers containing an electrical Cottrell precipitator. 
Later when vacuum was applied and it became necessary to cool one vessel 
with liquid air, the receiver with the Cottrell condenser became superfluous. 
The distillate was carefully rectified; in the fraction boiling below 60° C, iso- 
prene was estimated by means of a modified Farmer-Warren procedure’. 
Determination of isoprene content.—One-half gram of the crude isoprene 
fraction (boiling below 60° C) was heated at 100° C with one gram of maleic 
anhydride in benzene for 2 hours. Then the benzene was distilled off in 
vacuum to dryness. The gain in weight by the maleic anhydride gave the 
isoprene content. A correction for the quantity of maleic anhydride distilled 
with the benzene was made by acid titration in the distillate. This isoprene 
determination is correct within about 1 per cent, as experiments with pure 
isoprene have shown. Olefin and acetylene derivatives did not interfere. The 
crude isoprene fraction contained about 80-90 per cent of pure isoprene, the 
higher percentage being obtained in the more effective cracking experiments. 
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Fig. 1.—Discontinuous quartz cracking apparatus. 


Rubber began to distill at about 310° C. The temperature rose steadily 
during the process; at 360° C a residue of 10 per cent was left in the evaporation 
tube and at 380° C, 7 per cent was still left, so most of the rubber hydrocarbon 
had then evaporated. The end of the process was marked by a quick rise in 
temperature. On applying vacuum, the first evaporation was observed at 
about 280° C. Some results are given in Table I. 

The receivers were generally cooled with alcohol-carbon dioxide mixture. 
In the vacuum experiments, cooling with liquid-air increased the total yield 
from about 83 to about 94 per cent. 

These experiments appear to indicate that: (1) a higher rate of distillation 
results in a higher total yield of distillate by reducing breakdown into carbon 
and fixed gaseous products (hydrogen, methane, acetylene, etc.); (2) higher 
temperatures give a smaller total yield at constant distillation velocity, and 
(3) the experiments under diminished pressure allow higher temperatures and 
show a markedly higher isoprene content in the distillate. 

The contact time of the vapors at cracking temperature has a paramount 
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influence on the product; a longer time results in more thorough breakdown 
to uncondensable gases. With too short a contact, no further breakdown 
occurs, and the distillate does not differ much from the distillate obtained 
simply by evaporating rubber and condensing. Vacuum brings about a very 
short contact time and also facilitates the distillation of the rubber itself, as 
will be discussed later. 

The cracking tube was filled with a contact material which proved bene- 
ficial for the isoprene yield. When quartz was replaced by copper, better 
results were obtained. With copper precipitated on pumice (from copper 
nitrate solutions by heating and reducing with hydrogen), the yields were 
again higher, and a specific catalyst appeared to have been found. Although 
Cr2O3; on pumice was also very effective, its specific catalytic action could 
not be confirmed in later experiments. It became apparent that the heat 
conductivity of the contact material is very important. Copper in the form 
of wound wire turned out to be quite satisfactory. 


TABLE I[ 
RESULTS OF PYROLYSIS OF RUBBER 


Temp. % Dist.from Isoprene Yield 
of Total rubber in frac- of 
erack- Rubber yield ————~————. ttion isoprene 
Pres- ing distn. of b.p. b.p. from 
Contact material in sure zone rate dist. b.p. 60-  <60°C_ rubber 
cracking tube (mm.Hg) (°C) (g./min.) (%) <60°C 250°C (%) (%) 
Supermax glass apparatus 
None 760 610 0.25 90 18 63 62 11 
760 610 0.42 91 17 62 64 1] 
760 630 0.2 83 13 57 64 8.5 
760 630 0.4 91 15 61 68 10 
760 630 0.8 95 17 68 69 12 
Quartz apparatus 
None 760 660 0.98 20 61 68 14 
Fragments of quartz 150 660 0.3 94 17 62 84 14 
12-14 630 0.2 91 14 56 85 12 
20 710 0.5 80 25 he 87 22 
20 740 0.5 78 27 oo 85 23 
Fragments of copper 20 740 0.5 84 30 “a 88 26 
metal 20 740 0.7 89 35 i 82 29 
Copper pptd. on pumice 20 765 0.5 82 36 - 86 31 
ragments 20 765 0.5 82 35 ‘is 84 30 
Cr,0; pptd. on pumice 20 740 0.5 89 35 ou 88 31 


fragments 


The shape of the apparatus, the dimensions of the cracking tube, and the 
conditions of the process were varied in many ways. The best results were 
obtained by rapid distillation in a similar apparatus with a shorter cracking 
zone (6 cm.), which was heated from the outside and from within by means of 
acore. Immediately after cracking, the gases impinged on a quartz wall were 
cooled with carbon dioxide-alcohol mixture, so as to give the cracked products 
as little time as possible for secondary reactions. 

Results of 40 to 44 per cent of isoprene were obtained (Table II); the initial 
temperature of the cracking zone was 850° to 900° C, measured with a chromel- 
alumel thermocouple, and the pressure was around 10 mm. mercury. This 
pressure could not be lowered because of the small capacity of the pump. 
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The manometer was connected with the condensing vessels, the pressure in the 
actual cracking zone being probably higher. The velocity of distillation was 
regulated by means of the heating current of the evaporation zone. In the 
later apparatus this velocity amounted to four grams of rubber a minute. 
Rapid distillation is important, since the isoprene content of the cracking 
products of the first half of a slow distillation appeared to be about twice the 
isoprene content of the products of the second half. Apparently the rubber 
changes during the heating period, since rubber is partially converted into 
cyclorubber when heated above 250°C. This cyclorubber gives very little 
isoprene when pyrolyzed®. Therefore, during evaporation the rubber is ex- 
posed to a temperature which decreases the yield, and it is important to 
accelerate evaporation. 


TABLE II 
OptimMaAL CRACKING RESULTS IN DiscontTINUOUS QUARTZ APPARATUS 


Pressure in Temp. of Distn. Total Isoprene 
receivers ae zone* rate _ yield _ yield 
(mm. Hg) (°C) (g./min.) (% of rubber) % of rubber) 

1] 900 3.9 89 43 
12 860 3.9 88 39 
12 860-900 6.5 89 40 
12 830- 6.1 91 39 
8 900 3.9 88 41 
10 900 4.3 90 44 
7 850 4.1 91 44 
cf 850 4.4 89 39 
6 850 3.9 92 42 
5 850 2.8 90 41 


@ In later experiments, when a more even heat distribution was possible, lower temperatures were used. 
Therefore these are probably wall temperatures, and the actual gas temperatures may be lower. 


The pressure is more or less a function of the rate of distillation. Under 
constant conditions more rapid distillation, giving off more vapor per second, 
leads to higher pressure. As it is difficult to regulate the temperature accu- 
rately, there is little difference between experiments at 850° C and 900° C. 

Similar results were obtained with an apparatus made of iron or heat- 
resisting chromium-nickel steel, so these materials had no effect on the reaction. 
Heat-resisting steel is the best material for this purpose. 


CONTINUOUS METHODS 


Under the conditions just described, rubber was exposed for an appreciable 
time to a temperature favorable to cyclization. To avoid this, it is necessary 
to supply the rubber continuously into the cracking zone of the evacuated 
apparatus. The best theoretical method, spraying of latex against a heated 
wall, was discarded after a few experiments because of complications. The 
following simple methods for continuously supplying small quantities of rubber 
were tried. 

Dropping of rubber solutions.—From a funnel a highly concentrated rubber 
solution (about 25 per cent) was dropped into the cracking zone of a vertical 
apparatus (Figure 2). This apparatus was made of iron, but experiments 
carried out in a quartz apparatus gave the same yields. The cracking gases 
were sucked away through one of the two side tubes. As a rule the upper one 
was connected with a manometer, and the lower one with the receivers and the 
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Fig. 2.—Iron cracking apparatus for rubber solution. 


vacuum pump. The results varied somewhat according to the nature of the 
solvent used for preparing the rubber solution; a higher boiling solvent makes 
possible a lower pressure. Some results are shown in Table III. 

The first part of this table indicates that it is not the metallic surface but 
the massive metal of the contact which counts. A massive copper contact 
gives double the yield of copper-coated quartz; this must be attributed to the 
heat conductivity of massive copper. 

Toluene as a solvent has too high a vapor pressure to make possible experi- 
ments at very low pressure. With mesitylene solutions the optimum pressure 
is about 9 mm. mercury; at the lowest pressures the isoprene yield is again 
reduced. 

The yield of 52 per cent is far better than the yield obtained in the discon- 


TABLE III 
PyYROLYSES OF RUBBER SOLUTIONS 


Concen- Total Isoprene Contact 
tration Pressure yield yie material 
Solvent (%) (mm. Hg) (%) (% of rubber) (temp. 750° C) 
Toluene 25 20-40 88 13 Quartz 
25 20-40 93 19 Quartz coated 
with metallic 
copper 
33 20-40 92 38 Metallic cop- 
per wire and 
turnings 
Mesitylene 0 20-25 94 0 Same 
25 13 96 49 Same 
25 9.5 94 53 Same 
25 8 95 51 Same 
25 5-6 96 47 Same 
25 4 98 45 Same 
25 1-2 92 38 Same 
25 1-2 93 38 Same 
0 8 99 0 Same 
0 1 99 0 Same 
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tinuous process. Evidently this is a result of the fact that the rubber drops 
are heated so quickly that cyclization of the rubber is reduced to a minimum. 

The same apparatus can also be used to crack dipentene. As a matter of 
fact dipentene or limonene gave yields of 20 to 35 per cent, depending on the 
purity of the dipentene, under the same conditions as did rubber—i.e., a tem- 
‘perature of 700-750° C and a pressure of about 10 mm. mercury. 

The higher boiling fraction of the rubber pyrolyzate containing dipentene 
gives, after recracking, some 5-10 per cent of isoprene, depending chiefly on the 
effectiveness of the previous cracking. Effective cracking with high isoprene 
yield gives a high boiling fraction which forms very little isoprene upon re- 
cracking. This fraction may be used instead of toluene to prepare the rubber 
solution. 

Cracking of latex.—Hevea latex was dropped in a cracking apparatus of the 
type shown in Figure 2. The cracking zone had to be somewhat larger than 
it was for rubber solutions, because much heat is needed to evaporate the water 
in latex. Two types of latex were used, ordinary Hevea latex with a 33 per 
cent rubber content and concentrated latex (Jatex) with a 60 per cent rubber 
content. 

TABLE IV 


CRACKING OF LATEX 
Rate of Yield of 
Temp. Pressure supply isoprene 
(°C) (mm. Hg) (g./min.) (%) 


Latex 750 . i; 50 
750 } i 48 
700 i 44 
725 ; 26 
675 : 26 
675 F 30 


Jatex 700 ; 51 
750 j 6 53 


Table IV shows that yields of over 50 per cent isoprene can be obtained 
from rubber in latex or Jatex. The high yield at ordinary pressure (26 to 30 
per cent) compared with the 17 per cent obtained from solid rubber (Table I) 
proves the importance of fine division of the rubber which makes it possible, 
as in the case of low pressure, to pass the harmful isomerization temperature 
range of 250-500° C comparatively quickly. 

Experiments with latex in vacuum met with difficulty, as latex tended to 
splash against the wall and to coagulate when heated. 

Dropping of molten rubber——Strongly masticated rubber was heated to 
about 200° C. The rubber then became sufficiently fluid to be sucked through 
an opening in the evacuated cracking tube of a modified pyrolysis apparatus 
(Figure 3). The influence of the preheating temperature of the rubber is 
shown in Figure 4. A yield of 55 per cent of isoprene was obtained at a crack- 
ing temperature of 725° C and pressure of about 10 mm. mercury, but above 
a preheating temperature of 200° C this isoprene yield declined rapidly as a 
result of cyclization and oxidation processes in the rubber. 

Extrusion of rubber —The best method proved to be the pressing of rubber 
in the vacuum cracking tube by an extruding machine as shown in Figure 5. 

The extruder was heated electrically to a temperature (about 100° C) 
such that the rubber could be extruded smoothly. The rubber thread, which 
usually had a diameter of 5 mm., melted in the cracking tube about 2 cm. over 
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Fig. 3.—Quartz cracking apparatus for molten rubber. 


the hot contact mass, and the rubber drops fell on this mass. The cracking 
tube was made of iron. 

With this apparatus the best yield, using liquid air cooling, was found to be 
58 + 1 per cent of pure isoprene from rubber (first latex sheet or crepe), which 
is an average of nine experiments varying between 57 and 59 per cent. As 
rubber contains 7 per cent of non-rubber components, this means a yield of 
62 + 1 per cent isoprene from the rubber hydrocarbon. By recracking the 
higher boiling fraction of the distillate (boiling below 60° C) it was possible to 
raise this figure with no more than 0.8 per cent. Some typical results are 
given in Table V. In each experiment about 20 grams of rubber were used. 
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Fic. 4.—Influence of preheating temperature of rubber on isoprene yield. 
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Fic. 5.—Cracking tube with extruder. 


Table V shows once more that at higher pressures more noncondensable 
pyrolysis products were formed. In addition, the pure isoprene content of the 
crude isoprene fraction was higher in the more effective cracking experiments. 
Data obtained with the extrusion apparatus will be discussed in the next section. 


TABLE V 
CRACKING RESULTS WITH EXTRUDED RUBBER 
Isoprene 
Fraction content of 
Total -p. fraction 
Cracking Distn. dist. <60° C b.p. Isoprene 
temp. Pressure rate (% of (% of <60° C (% of 
Rubber (° C) (mm. Hg) (g./min.) rubber) dist.) (%) rubber) 
Crepe 725 2 0.9 94 64 90 54 
Sheet 750 5 0.9 95 71 86 58 
Crepe 725 7 0.6 95 68 91 59 
Sheet 725 7 0.9 95 69 91 59 
Crepe 725 9 0.9 94 66 91 57 
Crepe 725 12 0.8 93 68 91 58 
Crepe 725 75 0.9 90 45 85 34 
Crepe 725 200 5 | 80 43 70 24 
Crepe 725 760 0.8 65 18 75 8 
Crepe 675 13 0.9 94 62 90 52 
Crepe 775 4 0.9 94 68 88 56 
Crepe 775 8 0.9 95 70 88 59 
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DEPOLYMERIZATION CONDITIONS 


Contact material.—No specific catalyst was found. Various materials, e.g., 
copper, iron, nickel, pumice, quartz, and some usual petroleum cracking mate- 
rials such as chromia on magnesia or pumice and copper-nickel on magnesia 
under optimal conditions, gave comparable results. Metals are preferable 
because their higher heat conductivity makes a homogeneous cracking tem- 
perature easier to maintain. It is probable that the cracking of rubber into 
isoprene can be considered as purely thermal, at least under these conditions. 

The manner in which the contact material is divided in the cracking tube 
is very important as this material may be only slightly resistant to the flow 
of cracking gas to maintain the reduced pressure. In most cases copper turn- 
ings were used, filling the cracking tube over a length of 5cm. Ata distillation 
rate of one gram of rubber per minute, a much shorter cracking zone gives 
insufficient cracking and a much longer zone gives too much cracking. 

Copper has the advantage of a high heat conductivity but oxidizes easily. 
Probably the best contact surface can be made of chromium-nickel steel. 
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Fic. 6.—Influence of temperature on isoprene yield at different pressures. 
Cracking zones of 3-cm. (£]) and 5-cm. ( X) copper contact were employed. 


Temperature of cracking.—Figure 6 shows that there.was a wide range of 
cracking temperatures between about 675° and 800° C in which good results 
were obtained. The maximum yield depended on pressure and on the length 
of the cracking zone; a higher pressure or a longer cracking zone (giving greater 
cracking) was partly compensated by a lower temperature. Optimum crack- 
ing temperatures were in the range 700° to 775° C. 

Pressure-—For a maximum yield of isoprene the optimum pressure lay 
between 5 and 13 mm. mercury, as Figure 7 shows. At still lower pressure 
the cracking of the rubber seemed to be insufficient, although this also de- 
pended on the length of the cracking zone. At higher pressure the yield 
dropped sharply. 

The favorable influence of low pressure on the yield of isoprene may have 
several causes. Isoprene may have insufficient stability under cracking con- 
ditions, so that it is necessary to shorten the contact time by lowering the 
pressure. Cracking experiments with isoprene showed that a second cause is 
directly connected with the depolymerization reaction of rubber, since dimin- 
ished pressure lowers the evaporation temperature of the primary cracking 
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products. This is important because rubber and its primary cracking products 
have to pass the temperature range 250—500° C, where conditions are favorable 
for isomerization and cyclization. It is necessary to avoid these secondary 
reactions as much as possible, since they prevent a good isoprene yield. 

Rate of rubber supply.—The rate at which the rubber can be supplied de- 
pends on the size of the cracking tube and is limited by the capacity of the 
vacuum pump. In most of the experiments rubber was supplied at a velocity 
of about 1 gram a minute in a cracking tube 14 em. in length and 3 em. in 
diameter with an actual cracking zone 5 cm. long. 

Gas of dilution.—At higher pressure (75 to 760 mm. mercury) a diluting gas 
was applied to shorten the contact time of the cracking gases in the cracking 
zone, a method frequently used in the petroleum industry. However, a 
diluent (e.g., steam or nitrogen) did not give any improvement. The yield 
from rubber at 725° C and a pressure of 75 mm. was the same with or without 
a diluting gas, viz., 35 per cent of isoprene. The action of a diluent is to drive 
the cracking gases quickly from the cracking tube. This is not necessary in 
this case, as it will be shown later that isoprene under these cracking conditions 
is reasonably stable. However, at still higher pressures, e.g., atmospheric, 
where isoprene is not stable enough, a diluent does have some influence. As 
mentioned before, a higher cracking pressure also has a bad effect on the 
depolymerization reaction of rubber; pressure caused by a diluent has the 
same harmful effect as pressure caused by the cracking gases. 


TaBLe VI 


CRACKING PrRopucts OF RUBBER AT 725°C AND 8 MoM. or 
Mercury IN PER CENT BY WEIGHT 


He 0.2 
CH, 1.2 
C2H: 0.3 
Olefins b.p. <10° C 3.0 
Isoprene 58 
Other hydrocarbons? b.p. 10—60° C 5.5 
Hydrocarbons b.p. 60—100° C 4 
Hydrocarbons b.p. 100-140° C 6.5 
Hydrocarbons b.p. 140-180° C 14 
Hydrocarbons b.p. > 180° C (tar) 7 
Ash 0.3 


2 This fraction includes 1% of an acetylene derivative, probably butyne or methylbutyne. 


Kind of rubber.—First latex crepe or sheet, strongly masticated or unmasti- 
cated, gave the same maximum yield of 58 per cent of isoprene. Deproteinized 
crepe gave a slightly higher yield, viz., 61 per cent of isoprene. 


COMPOSITION OF RUBBER DISTILLATE 


The rubber distillate obtained under optimum conditions was subjected to 
analytical distillation. The Bunte gas analysis method was applied to the 
gases boiling below 10°C. Table VI gives an estimate of the results of this 
analysis, calculated on a 100 per cent yield basis. 

The fraction boiling above 60° C probably contains dipentene, as it yields 
4 per cent of isoprene on recracking (this means 0.8 per cent from rubber). 
According to the investigations of Gaade’ aromatic compounds are also present, 
such as benzene and toluene. 

The difference between cracking at 725° C and at much lower temperatures 
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TaBLeE VII 
CRACKING Propucts or RuBBER aT 450°C anp 10 Mm. Mercury 


Isoprene after 


recracking 
(% of hydro- 
Weight carbon 
(%) fraction) 

H, and olefins b.p. <10° C 10 
Isoprene 10.5 
Other hydrocarbons b.p. 10-60° C 3 
Hydrocarbons b.p. 60—-140° C. (760 mm.) 0.7 $a 
Hydrocarbons b.p. 140° (760 mm.)—100° C (8 mm.) 26.5 14 
Hydrocarbons b.p. 100-200° C. (10 mm.) 20 10 
Residue 29 20 
Ash 0.3 ne 


is very great. Table VII reports the composition of a distillate obtained after 
cracking rubber at 450° C and 10 mm. mercury pressure. In this case a low 
yield of isoprene and a remarkably high yield of a dipentene fraction (boiling 
point, 140° C at 760 mm. to 100° C at 10 mm.) was obtained. This result is 
in agreement with calculations of Bolland and Orr’, who showed that the 
tendency for rubber to be cracked into dipentene is much greater than into 
isoprene. The next higher boiling fraction and the residue also gave isoprene 
on recracking. Probably, therefore, not only dipentene, but several lower 
polymers of isoprene were present—e.g., sesqui-, di-, and triterpenes. These 
lower polymers tended to isomerize under the influence of high temperature 
into products which do form isoprene. 

The cracking process of rubber at high temperatures can be divided in two 
steps: In the first step at 300° to 400° C, the solid rubber is “evaporated” or 
cracked mainly into lower polymers of isoprene, which may be quite unstable 
at this temperature; in the second step at 675° to 800° C, these primary products 
are cracked further into isoprene. To obtain a high yield of isoprene, it is 
necessary to pass this first cracking step as quickly as possible to avoid cycliza- 
tion and isomerization reactions. As mentioned before, this can be accom- 
plished with good results by applying low pressure and by using rubber in a 
finely divided state, e.g., in the form of latex or solution. 


STABILITY OF ISOPRENE 


The stability of isoprene under cracking conditions was studied by dropping 
this compound into the iron cracking apparatus (Figure 2), which was filled 
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Fia. 8.—Influence of pressure on stability of isoprene. 
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as usual with 5 cm. of copper contact material. Figure 8 shows the influence 
of pressure on the stability of isoprene at three temperatures. The rate of 
isoprene supply amounted to about one gram a minute. 

Thus, under conditions for optimal rubber cracking (below 15 mm. mercury 
pressure) with a contact time for cracking less than 0.2 second, isoprene is 100 
per cent stable. This contact time of the isoprene molecules can be calculated 
by the equation: 

273 pVM 





‘= 59400 * ST 


where 
t = contact time (minutes) 
p = pressure (atmospheres) 
V = volume of cracking zone (cc.) 
M = mean molecular weight of cracking gases 
S = rate of distillation (grams/minute) 
T = absolute temperature 


The calculation is more or less arbitrary, as M is not a constant. 

It is obvious from this equation that a higher pressure gives a longer contact 
time for cracking. The instability of isoprene at higher pressures is caused 
by the longer cracking contact time. However, the low isoprene yield obtained 
from rubber at higher pressures (Figures 6 and 7) can be explained only partly 
by the instability of isoprene. At 75 mm. mercury pressure and 725° C, 
88 per cent isoprene was recovered after the cracking treatment; under the 
same conditions the yield from rubber was only 60 per cent of optimum. At 
760 mm. pressure and 725° C, 40 per cent of isoprene was recovered, whereas 
the yield from rubber was 14 per cent of optimum. This proves that there is 
still a second cause for the favorable influence of low pressure, as discussed 
previously. 
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Fia. 9.—Influence of temperature on stability of isoprene at one atmosphere. 


Figure 9 shows that at ordinary pressure the stability of isoprene begins to 
decrease at 550° to 600°C. This is in close agreement with the results of 
Figure 6, where the isoprene yield from rubber at one atmosphere decreased 
above these temperatures. 

Analysis has shown that the cracking products of isoprene after treatment 
at 725° C and 760 mm. pressure consist of hydrogen, methane, acetylene, 
many olefins, and other hydrocarbons from methane to compounds boiling 
above 180° C. It is remarkable that the cracking products contain only 4 per 
cent of a dipentene fraction (boiling from 140° to 180°C). As Table VII 
shows, rubber gave under mild conditions (450° C and 10 mm. mercury) 26.5 
per cent of a dipentene fraction, so it appears that this dipentene was formed 
directly from rubber and not by dimerization of isoprene. 
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CRACKING OF OTHER HIGH POLYMERS 


A series of high polymeric materials was subjected to pyrolysis in the 
extrusion cracking apparatus with a 5-cm. copper cracking zone. The results 
are collected in Table VIII. 


TasBLe VIII 
CRACKING OF Various H1GH POLYMERS 
Temp. Pressure Yield of monomer 
CC) (mm. Hg) (%) 


First-latex crepe or sheet 725 Isoprene 
Deproteinized crepe 750 f Isoprene 
Polyisoprene 750 : Isoprene 
Gutta-percha (first quality) 750 f Isoprene 59 
Methyl rubber 725 Dimethylbutadiene 58 
Oppanol (polyisobutene) 775 Isobutene 46 
Neoprene-G 750 0 
Polyvinyl chloride 750 0 
GR-S 725 Butadiene 12 
Buna-S 725 : Butadiene 14 
Perbunan 725 Butadiene 6 
Trolitul (polystyrene) 675 : Styrene 50 
Plexigum (polymethyl 500 Methyl meth- 
methacrylate) acrylate 78 


Polyisoprene was prepared by polymerizing isoprene in bulk with diazo- 
aminobenzene as catalyst®. Its iodine number was 283, in contrast to 355 for 
first latex crepe. The isoprene yield was comparatively high, an indication of 
a rather regular macromolecular pattern. Neoprene and polyvinyl chloride 
split off hydrogen chloride. 


SUMMARY 


The depolymerization of natural rubber into isoprene under the influence 
of high temperature was studied. Several methods, discontinuous and con- 
tinuous, were tried on the principle of heating the rubber as rapidly as possible 
to cracking temperatures. The best method appeared to be the pressing of 
rubber by means of an extruder into a reaction tube of the desired temperature 
und pressure. After systematically varying the conditions for cracking, a 
yield of 58 per cent isoprene from crude rubber was obtained at a cracking 
temperature of about 750° C and a pressure of 10 mm. of mercury. Good 
isoprene yields were obtained in a rather wide range of temperatures between 
675° and 800° C; however, the yield became rapidly less at higher pressures. 
At lower temperatures, e.g., 450° C, dipentene was the main cracking product. 
By studying the pyrolysis of isoprene itself in contrast to the pyrolysis of 
rubber, it became evident that low pressure has a twofold favorable influence— 
it causes quicker “evaporation” of rubber at lower temperature and shortens 
the contact time of pyrolysis products. When Hevea latex was dropped into 
a cracking tube, the yield of isoprene from the rubber it contained was about 
52 per cent. Several synthetic rubbers and plastics were depolymerized under 
almost the same conditions as rubber. 
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ELASTOMERS FROM FLUOROPRENE * 


W. E. Mocuet, L. F. Sauispury, A. L. Barney, 
D. D. CorrMan, AND C. J. MIGHTON 


E. I. pu Pont pe Nemours & Co., WILMINGTON, DELAWARE 


As the first member of the haloprene! or halogen-substituted butadiene 
series, fluoroprene (2-fluoro-1,3-butadiene) occupies a position between buta- 
diene and chloroprene in most of its properties and characteristics. For 
example, it polymerizes at a rate approximately twenty-five times that of 
butadiene under comparable conditions, but it is somewhat slower than chloro- 
prene in its rate of polymerization. However, fluoroprene resembles butadiene 
in that it copolymerizes readily in wide proportions with most 1,3-dienes and 
many monovinyl compounds, whereas chloroprene copolymerizes only incom- 
pletely with many monomers. 

In sharp contrast to the other haloprenes, fluoroprene polymers, like those 
of butadiene*, have an amorphous rather than crystalline structure in the 
stretched state, and they require reinforcement with fillers to develop high 
tensile properties in their vuleanizates. Polyfluoroprene rubbers obtained in 
85 to 90 per cent conversions using selected emulsion systems have exhibited 
tensile strengths of 2800 to 3200 pounds per square inch at 400 to 500 per cent 
elongation in tread type of vuleanizates. These vulcanizates are highly freeze 
resistant and have the good oil resistance of corresponding chloroprene poly- 
mers. The resilience of the vulcanizates is excellent and their resistance to 
ozone and sunlight is good although not so outstanding as that of corresponding 
polychloroprene products. Polyfluoroprene vulcanizates, unlike those of poly- 
chloroprene, propagate a flame when ignited, but they burn at a much slower 
rate than GR-S or natural rubber. In electrical properties they are superior to 
polychloroprene vulcanizates, and approach natural rubber in resistivity and 
power factor. 

Copolymerization of fluoroprene with methyl methacrylate, dimethyl- 
(vinylethiny])carbinol, styrene, or acrylonitrile, in particular, proceeds smoothly 
and yields rubbers which are generally superior to polyfluoroprene in processing 
characteristics and tensile properties. Usually small proportions (3 to 15 per 
cent) of monovinyl compounds have been found to promote improvements, 
which in the case of butadiene are realized by copolymerization with much 
larger proportions (25 to 40 per cent) of the monovinyl compound. In par- 
ticular, the copolymers containing 5 per cent of dimethyl(vinylethinyl)carbinol 
or 10 per cent of styrene have shown good mill behavior and, in tread vuleani- 
zates, have exhibited tensile strengths as high as 4400 pounds per square inch 
at 540 per cent break elongation, while other vulcanizate properties such as 
resilience, freeze resistance, oil resistance, and resistance to ozone and sunlight 
appear similar to those of polyfluoroprene. Rubbers of excellent oil resistance 
have been obtained readily in 80 to 90 per cent yields by copolymerization of 
fluoroprene with acrylonitrile. By the use of 15 per cent of acrylonitrile, 


, my Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 12, pages 2285-2289, December 
948. 
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polymers are obtained whose vulcanizates have a particularly attractive com- 
bination of freeze and oil resistance. Copolymerization with larger amounts, 
e.g., 30 to 40 per cent, of acrylonitrile yields highly oil-resistant products but 
at appreciable sacrifice in freeze resistance. Tread type vulcanizates of these 
rubbers generally have high tensile strengths, 7.e., 4500 to 5000 pounds per 
square inch. 


POLY MERIZATION 


The polymerization of fluoroprene monomer may be carried out in different 
ways as described for chloroprene and other haloprenes*. It is affected mark- 
edly by the presence of certain impurities such as monovinylacetylene or 
peroxides, which should be kept at as low a concentration as possible. Various 
emulsion systems may be used with fluoroprene, but in general systems based 
on sodium oleate as emulsifying agent have given rapid emulsion polymeriza- 
tion, and the resulting products have exhibited good physical properties. 

For the polymerizations reported here the aqueous system was prepared 
by dissolving 1.05 grams of U.S.P. sodium hydroxide in 140 cc. of water and 
adding 4.0 grams of crude oleic acid (red oil). One gram of potassium persul- 
fate and 1 gram of Daxad 11 (a condensation product of a naphthalenesulfonic 
acid and formaldehyde) were dissolved in the aqueous mixture and the solution 
was frozen in the bottom of a 400-cc. capacity pressure bottle. Then 10 ce. 
of a 1 per cent solution of potassium ferricyanide was added and likewise 
frozen. To the cold tube were added 0:4 gram of dodecanethiol (commercial 
product known as DDM) and 100 grams of fluoroprene. The tube was flushed 
with nitrogen and capped with a bottle cap having a thin polythene liner. 
Polymerization was effected by rotating the sealed pressure tube end over end 
in a constant temperature bath at 30° C for 5.5 hours. To the resulting latex 
was added 2 per cent of a phenyl-1-naphthylamine-diphenylamine (55 to 45) 
liquid eutectic mixture dispersed in water, and the latex was coagulated with 
acetic acid and brine. The product was washed with warm water on a corru- 
gated rubber mill for 10 minutes and then milled to dryness on warm smooth 
rolls. 

Ninety-six grams of light brown, smooth milling, plastic polymer was ob- 
tained. The same polymerization procedure was used with only 90 cc. of 
water in place of the 140 cc. given above to prepare polyfluoroprene for latex 
applications. 


VULCANIZATION 


Polyfluoroprene and its copolymers were readily vulcanized in gum or filled 
stocks. The compounding formula for the tread type stock used for poly- 
fluoroprene throughout this investigation is as follows: 


Tread type stock A 
Polyfluoroprene 100 
Medium processing charinel black 40 
Pheny]-1-naphthylamine 2 
Stearic acid 1 
Zinc oxide 10 
—— (extra light calcined) 10 
Sulfur 2 


Various modifications of this formula are possible to enhance different 
properties. The optimum cures in press-cured slabs were generally obtained 
with this formula in 60 minutes at 153° C. The density of polyfluoroprene is 
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KLASTOMERS FROM FLUOROPRENE 


TABLE I 
TREAD TyPE VULCANIZATE COMPOSITIONS 


B Cc D E 
Neoprene Type GN 100 


Neoprene Type FR Oe 100 an 
: ked sheets) ais cra 100 


Hevea (smo 
GR-S 
Butadiene-acrylonitrile 
(75/25) 
Butadiene-acrylonitrile 
(60/40) 
MPC black 36 
Extra light calcined magnesia 
Zine oxide 
Pheny]-1-naphthylamine 
Stearic acid 
Sulfur 
Mercaptobenzothiazole 
2-Mercaptothiazoline 
Accelerator 808 
Benzothiazoy] disulfide 


* Butyraldehyde-aniline condensation product. 


1.13, about 10 per cent less than that (1.23) of the next higher polyhaloprene, 
Neoprene. Other elastomers used for comparison were compounded as indi- 
cated in Table I. 


POLYFLUOROPRENE PROPERTIES 


Tensile properties —Vulcanizates of polyfluoroprene have exhibited tensile 
strengths of 2800 to 3200 pounds per square inch in tread type stocks (Table II) 
but generally only 800 to 900 pounds per square inch at 1000 per cent break 
elongation in pure-gum stocks. Latex films in gum vulcanizates (100 polymer 
solids, 5 zine oxide, 2 sulfur, and 1 sodium dibutyldithiocarbamate, cured 120 
minutes at 141° C) have shown somewhat higher tensile strengths than milled 
polymers, and the highest gum vulcanizate tensile strengths, 1300 to 1500 
pounds per square inch, have been obtained from latexes prepared at low tem- 
peratures, 7.e., 5° to 10°C. None of the fluoroprene polymers has shown 
crystallinity in x-ray diffraction measurements even at elongations of 1000 
per cent. The tensile properties and resilience of polyfluoroprene vulcanizates 
are, in general, equal or superior to those of GR-S in comparable vulcanizates, 
but are inferior to those of Hevea rubber or Neoprene Type GN (a polychloro- 


TABLE II 
POLYFLUOROPRENE TREAD TYPE VULCANIZATE PROPERTIES 


(Cure, 60 minutes at 153° C) 
Tensile strength at 25° C2 2900 Ib./sq. in. 
Elongation at break 400% 
Modulus at 300% elongation 1650 Ib./sq. 
Tensile, elongation at 70° C 1850 Ib. pt in., 400% 
Tensile, elongation after oven aging 2 days at 121°C 1620 Ib./sq. in., 180% 
Durometer hardness (Shore A) 72 
Rebound (Schopper) 44% 
Tear resistance’ 210 Ib./in. 


2 Tensile tests conducted according to A.S.T.M. specifications D412-41. 
+> A.8.T.M. designation, D624-44. 
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prene identical with GR-M currently manufactured by the Office of Rubber 
Reserve, Reconstruction Finance Corporation at Louisville, Ky.). Polyfluoro- 
prene has approximately half the tear resistance of Neoprene Type GN but is 
similar in this respect to GR-S. 

Freeze and oil resistance.-—Polyfluoroprene exhibits better resistance to both 
stiffening and embrittlement at low temperature than Neoprene Type FR, the 
most freeze-resistant Neoprene (Table III). In general, polyfluoroprene vul- 


TABLE III 
FREEZE RESISTANCE FOR TREAD TyPE STocks 


Poly fluoro- Neoprene 


prene, stock Type FR, Hevea, stock GR-S, stock 

A, cured 60 stock C, cured D, cured 30 EE, cured 45 
min, at 20 min. at min, at min, at 
Test 153° C 141°C 141°C 141°C 
Tw (°C) . —48 —39 —44 —49 
Fy® (° C) —48 —45 —53 —47 
Bent loop* (° C) — 62 —57 —62 Below —62 


. « Temperature at which a stretched vulcanizate cooled to —70° C and released shows 10% retraction; 
® tests®, 

>’ Temperature at which vulcanizate exhibits Shore hardness midway between 100 and the room tem- 
perature value’. ; 

¢ Breaking temperature after l-hour exposure. Modified A.S.T.M. designation D736-43T. 


canizates are comparable to those of Hevea or GR-S in freeze resistance and 
are much superior to those of commercial oil-resistant rubbers. The oil re- 
sistance of the fluoroprene rubber compares favorably with that of Neoprene 
Type GN, as indicated by volume increase after 48 hours’ immersion in kero- 
sene at 100° C (Table IV). A polyfluoroprene vulcanizate (tread type, cured 
60 minutes at 153° C), which had an original tensile strength of 3080 pounds 
per square inch at 530 per cent break elongation, retained 69 per cent 
(Tz/Ex = 2130/520 per cent) and 75 per cent (7'3/En = 2310/570 per cent) 


TABLE IV 
COMPARISON OF FREEZE AND OIL RESISTANCE 
Vulcan- Volume increase 
izate Cure after 48 hours 
compo- oF? T 10% in kerosene at 
Vulcanizate stock sition Min. °*- (°C) 100° C (%) 
Polyfluoroprene A 60 153 —48 70 to 75 
Neoprene Type FR C 20 141 —39 90 to 95 
Neoprene Type GN B 30 141 —24 65 to 70 
Butadiene-acrylonitrile F 30 141 —25 24 
(75/25) 
Butadiene-acrylonitrile G 40 153 —12 12 
(60/40) 
GR-S E 45 141 —5l 200 


« Temperature at 10% retraction in 7’ test®. 


of its original tensile strength after 48 hours’ immersion in kerosene and water, 
respectively, at 100°C. Tread stock type vulcanizates of polyfluoroprene 
generally exhibit 5 to 6 per cent volume increase in water after 48 hours’ 
immersion at 100° C. 

Ozone and sunlight resistance-—Outdoor exposure tests of tread stock-type 
vuleanizates stretched 150 per cent of their original length have shown that 
polyfluoroprene is better than Hevea, GR-S, Neoprene Type FR, and a buta- 
diene-acrylonitrile (60/40) copolymer in sunlight resistance but is inferior to 
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TABLE V 
SuNLIGHT RESISTANCE OF TREAD TYPE VULCANIZATES? 
(After exposure to summer sun at Wilmington, Del., on 45°, south racks) 


Checked Cracked 

Vulcanizates (days) (days) 
GR-S 2 10 
Hevea 2 10 
Butadiene-acrylonitrile (60/40) 10 19 
Neoprene Type FR 10 19 
Polyfluoroprene 16 24 
Neoprene Type GN 218 ss 


«Same stocks and cures as given in Table IV; Hevea, stock D, cured 30 minutes at 141° C, 


Neoprene Type GN (Table V). A polyfluoroprene vulcanizate containing 1 
per cent of a mixture of microcrystalline waxes used as‘a sun-checking inhibitor 
appeared as durable as Neoprene in outdoor tests. In ozone resistance, poly- 
fluoroprene is markedly superior to Hevea or GR-S, but is much inferior to 
Neoprene Type GN (Table VI). This test is based on exposure of sharply 
bent vuleanizates to ozone of a given concentration and determination of the 
length of time before cracks develop. 


TABLE VI 
OzoNE RESISTANCE OF TREAD Type VULCANIZATES* 


Time to failure 

of sharply bent 

vulcanizate in 
presence of ozone 


Vulcanizate (min.) 
GR-S 4 
Hevea 4 
Polyfluoroprene 12 
Butadiene-acrylonitrile (60/40) 18 
Neoprene Type GN 48 


« Same stocks and cures as given in Table IV; Hevea, stock D, cured 30 minutes at 141° C. 


COPOLYMERS OF FLUOROPRENE 


Fluoroprene-dimethyl(vinylethinyl)carbinol copolymers>.—With as little as 5 
per cent of dimethyl(vinylethinyl)carbinol marked improvements in mill be- 
havior and tensile strength are realized without any appreciable sacrifice in 
freeze or oil resistance. As the proportion of the carbinol is increased pro- 
gressively from 5 to 50 per cent there is a slight improvement in mill behavior 
and kerosene resistance attended by a decrease in freeze resistance (Table VII). 
Copolymers of 95/5 composition prepared under preferred conditions have yielded 
vulcanizates (tread-type compound A) having tensile strengths as high as 4400 
pounds per square inch at 500 per cent elongation. At 70°C the tensile 
strength of these tread type vulcanizates averages 1700 to 2100 pounds per 
square inch at 300 to 400 per cent elongation. The aging characteristics of 
these vulcanizates compare favorably with those of Neoprene Type-GN in 
conventional tests. 

The preferred (95/5) fluoroprene-dimethyl(vinylethinyl)carbinol copolymers 
are similar to polyfluoroprene in sunlight resistance and not greatly inferior in 
resistance to cracking in ozone. They are superior to Neoprene Type GN in 
compression set and abrasion resistance as indicated by the du Pont (American 
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TABLE VII 
FLUOROPRENE-DIMETHYL(VINYLETHINYL)CARBINOL COPOLYMERS* 
Composition 97/3 95/5 90/10 85/15 80/20 75/25 


DDM2 (%) 0.25 0.25 0.30 0.10 0.10 0.10 

Product yield® (%) 93 90 84 84 89 86 

Mill behavior fair good good good fair excel. good 

Tread type vulcanizate properties 
Cure (min. at 153° C) 30 60 100 40 30 
Modulus at 300% (Ib./sq. in.) 1450 1560 1420 1820 1560 1930 
Tensile (Ib./sq. in.) 3660 3410 3530 3610 ¢ 2530 
Elongation at break (%) 500 475 520 480 350 
Hardness (Shore A durometer) 70 70 65 73 78 
Rebound (Schopper) (%) 46 36 35 10 
T° (° C) .0 —46.9 —40.2 0 —33.5 ‘ —15 
Vol. increase in kerosene (%) c 74.5 69.5 6. 61.3 F 26.7 
Vol. increase in water (%*) é 4.8 are 5. Re: h 20.2 


¢ Polymerization was carried out in 4% sodium oleate emulsion at 30° C, using the indicated amounts 
of dodecanethiol (DDM) as modifier. 

>’ Total yield of product (containing soaps and antioxidant) divided by amount of monomer and 
multiplied by 100 to convert to per cent. 

¢ Temperature at 10% retraction in 7x test®. 

4 Volume increase after immersion for 48 hours at 100° C. 


Society for Testing Materials, method A) abrasion test. The introduction of 
the hydroxyl] group in these polymers decreases the water resistance somewhat. 

Fluoroprene-styrene copolymers®.—Highly freeze-resistant rubbers which ex- 
hibit greater tensile strength and better processing characteristics than poly- 
fluoroprene have also been obtained by copolymerization of fluoroprene with 
small amounts of styrene but, on the whole, the styrene copolymers do not 
process so satisfactorily as corresponding dimethyl(vinylethinyl)carbinol com- 


positions, and they are somewhat inferior in oil resistance (Table VIII). To 
obtain significant improvements in the copolymer, 10 per cent styrene is needed 
and the resulting vulcanizates are not so resistant to the swelling action of 
kerosene as those of polyfluoroprene. The fluoroprene-styrene copolymers are 
slightly inferior to polyfluoroprene in resistance to stiffening at low tempera- 


TaBLe VIII 
FLUOROPRENE-STYRENE COPOLYMERS* 
Composition 95/5 90/10 85/15 75/25 


DDM (%) 0.4 0.3 0.3 0.3 
Product yield® (%) - 87 93 94 96 
Mill behavior fair good good very 
good 

Tread type vulcanizate properties 
Cure (min. at 153° C) 60 50 50 
Modulus at 300% (Ib./sq. in.) 1730 1590 1360 
Tensile (Ib./sq. in.) 3320 4090 3320 
Elongation at break (%) 425 520 500 
Tensile at 70° C (Ib./sq. in.) 1650 1690 1700 
Hardness (Shore A durometer) 68 70 70 
Rebound (Schopper) (%) 48 34 34 
T° (° C) —42.0 — 38.0 — 29.0 
Vol. increase in kerosene (%) 102 100 97.3 92.8 


¢ Polymerization carried out in 4% sodium oleate emulsion for 5.5 hours at 30° C, using amount of 
modifier indicated. 

+ Total yield of aaa (containing soap residue and 2% antioxidant) divided by amount of monomer 
and multiplied by 100 

¢ Temperature at 10% retraction in 7's test®. 
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tures, but they appear to be equal in their resistance to embrittlement in the 
cold. They are better than polyfluoroprene and the fluoroprene-vinylethinyl- 
carbinol copolymers in electrical properties. 

Fluoroprene-acrylonitrile copolymers.—Copoly merization of fluoroprene with 
acrylonitrile leads to rubbers having outstanding oil resistance. The most 
attractive compositions from the standpoint of both oil and freeze resistance 
appear to be those containing 3 to 20 per cent of acrylonitrile, since they yield 
vuleanizates having the best overall combinations of properties? (Table IX 
and Figure 1). The introduction of 30 to 40 per cent of acrylonitrile leads to 
products having high oil resistance but with appreciable loss in freeze resistance. 
In Figure 1 the curve of kerosene resistance shows only slow change below 
approximately 80 per cent fluoroprene. These products tend to be dry and 
somewhat difficult to process without softeners. 
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Fic. 1.—Fluoroprene-acrylonitrile copolymers. 


Change in freeze resistance and kerosene resistance with fluoroprene 
content in tread type vulcanizates. 


Rubbers made by the copolymerization of fluoroprene with 15 per cent of 
acrylonitrile have particularly good vulcanizate properties. In tread type 
stocks cured 60 minutes at 153° C such copolymers have exhibited tensile 
strengths of 3800 to 4800 pounds per square inch with 500 per cent break 
elongation at 25° C and 2700 pounds per square inch with 400 per cent elonga- 
tion at 70° C. Tear strengths in the A.S.T.M. test have varied from 255 to 
395 pounds per inch. These products are inferior to the Neoprenes in re- 
sistance to oven aging (7'3/Eg = 2270/160 after 2 days at 121°C) but are 
nearly equivalent in resilience and heat buildup. They are superior to poly- 
fluoroprene in sunlight resistance (checked on 19th day and cracked after 41 
days, Table V) and ozone resistance (20 minutes, Table VI), but are still 
inferior to Neoprene Type-GN. These copolymers have better compression 
set and abrasion resistance than Neoprene Type-GN. The solvent resistance 
of the fluoroprene-acrylonitrile (85/15) copolymer is much superior to that of 
Neoprene Type-GN and is at least equivalent to that of a butadiene-acrylo- 
nitrile (75/25) copolymer in comparable vulcanizates, while in freeze resistance 
the fluoroprene copolymer is better than either Neoprene Type GN or the 
butadiene copolymer (compare Tables IV and IX). A fluoroprene-acrylonitrile 
(85/15) copolymer tread type vulcanizate (cured 100 minutes at 141° C) had an 
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original tensile strength of 4860 pounds per square inch and retained a tensile 
of 4000 pounds per square inch at 520 per cent elongation after aging for 2 days 
in kerosene at 100° C. 

Vulcanizates of the fluoroprene-acrylonitrile (70/30) copolymers (tread-type 
stock A cured 30 minutes at 153° C) are slightly better than those of a buta- 
diene-acrylonitrile (60/40) copolymer (stock G of Table I cured 40 minutes at 
153° C) in oil resistance (8 to 10 per cent volume increase in kerosene at 100° C 
in 2 days vs. 12 per cent for the butadiene copolymer) and are appreciably 
better in freeze resistance according to the 7's values, e.g., Tio = 17° and 
—12° C, respectively®, and F's values, ¢.g., Fs = 19° and —11° C, respectively. 
To is the temperature at which a vulcanizate shows 10 per cent retraction in 
the 7's test. Fs is the temperature at which a vulcanizate exhibits a Shore 
durometer hardness midway between 100 and the room temperature value’. 
Furthermore, the fluoroprene-acrylonitrile copolymer is superior in resilience, 
eg., the Schopper rebound is 24 to 30 per cent in these tread type stocks vs. 
18 per cent for the butadiene-acrylonitrile (60/40) copolymer vulcanizate. 

Fluoroprene-butadiene-acrylonitrile copolymers.—Copolymerization of three 
component mixtures of fluoroprene, butadiene, and acrylonitrile in the same 
4 per cent sodium oleate emulsion yielded rubbers ranging from highly freeze- 
resistant to highly oil-resistant products, depending on the composition of the 
initial monomer mixture. The variations in these properties obtainable as 
functions of the compositions are illustrated in Figures 2 and 3, in which are 
plotted families of curves depicting the changes in 7) values and kerosene 
resistance with changing fluoroprene content for nitrile contents of 0, 10, 20, 
30, and 40 per cent (the remainder in any given copolymer is butadiene). The 
vulcanizate properties of these three component copolymers vary with their 
compositions, of course, but it is possible to obtain good rubberlike properties. 


MONOMER SYNTHESIS 


Fluoroprene monomer was prepared by the gas phase addition of anhydrous 
hydrogen fluoride to monovinylacetylene”. Yields of 50 to 70 per cent, at 
approximately 40 per cent conversion, were obtained during the first 12 to 14 
hours, after which there was a gradual decrease in conversion to about 10 per 
cent after 40 hours of operation. The reactor employed consisted of a 6-foot 
length of 1.5-inch black iron pipe arranged vertically with a water-heated 
jacket and packed with a charcoal-supported catalyst. To prepare the cata- 
lyst, charcoal was impregnated with mercuric nitrate solution equal to 100 
grams of mercuric nitrate per liter of charcoal and roasted at 100° to 135° C 
in a stream of dry air until free mercury appeared in the exit tube from the 
roaster. Commercial, anhydrous hydrogen fluoride and monovinylacetylene, 
mixed with equal volumes of nitrogen, were passed into the reactor by separate 
entry ports. Mixing of the reactants must take place over the catalyst or in 
a large space connected directly to the catalyst bed by a wide passage. The 
mixture of monovinylacetylene and hydrogen fluoride was adjusted to a mole 
ratio of 1 to 1.2 and, with the 2 volumes of nitrogen diluent, was passed through 
the catalyst bed with a contact time of 40 to 50 seconds and a temperature of 
50° to 100° C. 

The product was led directly from the bottom of the reactor into soda lime 
in an iron container to absorb the excess hydrogen fluoride. The gas stream 
was then dried with calcium chloride and passed through a condenser cooled 
to —80° C to obtain the crude product. Careful fractional distillation of the 
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Fig. 2.—Fluoroprene-butadiene-acrylonitrile copolymers. 


Change in freeze resistance of tread type vulcanizates with fluoroprene content 
at different acrylonitrile levels. 














= eu an 
120 
ww #100 rom An 
28 
sf 
8 
ee 4 
4 
ws 60 
°o 
« 
wu j , 
4 
40 20% AN 
> 
20) w% AN 
one a | 
oO 
100 80 60 40 20 ° 
FLUOROPRENE, % 


Fic. 3.—Fluoroprene-butadiene-acrylonitrile copolymers. 


Change in kerosene resistance of tread type vulcanizates with fluoroprene content 
at different acrylonitrile levels. 


crude yielded pure fluoroprene boiling at 11.8° to 12.0° C (at 760 mm., correct- 
ing 0.1° for each 3-mm. variation in pressure) (density = 0.849 and nb = 1.401). 
The residue contained a small amount of 3,3-difluoro-1-butene boiling at 24.5° C 
(density = 0.951 and nd = 1.330). Fluoroprene so obtained behaved normally 
in Diels-Alder reaction with 1,4-naphthoquinone, giving 2-fluoro-1,2,3,4-tetra- 
hydroanthraquinone convertible to 2-fluoroanthraquinone by oxidation. The 
fluoroprene was kept under an atmosphere of nitrogen to prevent the formation 
of peroxides, and was stored over hydroquinone to inhibit polymerization. 
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Fluoroprene and the fluoroprene elastomers described in this paper repre- 
sent a laboratory development only. None of the materials described are 
commercially available. 
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VISCOSITY-MOLECULAR WEIGHT RELATIONS FOR 
VARIOUS SYNTHETIC RUBBERS * 


Rosert L. Scorr, WALTER C. Carter, AND MicHarL MaGat 


Tue Frick CuemticaL LABORATORY, PRINCETON UNIVERSITY, PriINceTON, NEw JERSEY 


INTRODUCTION 


Houwink' and Flory? have shown that the relation between the intrinsic 
viscosity of a high-polymer solution and the molecular weight of the polymer 
is of the form: 


(n] = KMe (1) 


where in the case of polyvinyl acetate compounds! and polymethacrylate! 
a~ 0.6, and in the case of polyisobutylene? a = 0.64. More recently the 
authors* have shown that the relation for natural rubber is: 


[n] = 5.02 x 10-40-67 (2) 


‘In this paper, we report viscosity-molecular weight relations for four more 
polymers: a butadiene-styrene copolymer (Buna-S), sodium-polymerized poly- 
butadiene, a butadiene—acrylonitrile copolymer (Buna-N), and Neoprene. As 
will be shown, these measurements confirm the hypothesis that for these essen- 
tially linear polymers a is very close to, if not equal to, two-thirds. 


EXPERIMENTAL 


Materials‘—The Buna-S (GR-S) was of three kinds: one of low degree of 
conversion (100 per cent soluble), one of medium degree of conversion (53.5 
per cent soluble) and one of high degree of conversion (32 per cent soluble). 
The polybutadiene was polymerized with sodium by methods similar to those 
used in the preparation of Russian SK®. 

The toluene used was the commercial solvent dried with calcium chloride. 

Fractionation.— Unlike natural rubber, the synthetic rubbers are not sub- 
ject to rapid oxidative degradation in solution, so some of the precautions 
reported in the previous paper® are unnecessary. The rubbers were dissolved 
in toluene and fractionally precipitated’ by methanol; in some cases fractions 
were refractionated into subfractions. Antioxidant (Agerite, aldol-a-naphthyl- 
amine), although possibly unnecessary for these synthetics, was added to all 
solutions. 

In certain polymers, a portion of the soluble fraction consists of microgel, 
a material which is not easily removed by slow extraction with good solvents 
in the absence of agitation, but is more or less easily dissolved by energetic 
shaking, leaving only the insoluble cross-linked macrogel. A second portion 
of the 100 per cent soluble polymer was fractionated as follows. After extrac- 

* Reprinted from the Journal of the American Chemical Society, Vol. 71, No. 1, pages 220-223, January 
1949. This research was carried out during 1943 on a grant from the Reconstruction Finance Corporation, 
Office of Rubber Reserve, for fundamental research on the physical properties of synthetic elastomers. 
The present address of Robert L. Scott is the Department of ee aa of California, Los 


Angeles, California; that of Michael Magat is the Laboratoire de Chimie Physique de la Sorbonne, 11 rue 
Pierre Curie, Paris, France. 
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tion of the acetone-soluble fraction (9.0 per cent) the rubber was dried under 
vacuum and then extracted with toluene in an atmosphere of carbon dioxide. 
Agitation of the mixture was avoided to minimize dispersion of the microgel. 
At intervals of several days the supernatant liquid was carefully pipetted out 
and additional toluene added, with as little disturbance to the swollen microgel 
at the bottom as possible. After much of the sol had been extracted in this 
way, fresh toluene was added and the mixture shaken. One or two shakes 
sufficed to bring the microgel into solution, indicating that, for this sample at 
least, the bonds between the molecules of microgel are extremely weak. The 
resulting solution was completely stable, no material settling out after even a 
month’s standing’. The sol and microgel portions were separately fraction- 
ated. A sample of the macrogel was degraded and solubilized by oxidation at 
high temperatures and subsequently fractionated. 

Measurements —The molecular weights of the fractions were calculated 
from osmotic pressures measured in a Flory-type osmometer; solution viscosi- 
ties were determined in an Ostwald viscometer. The details of these pro- 
cedures were reported in the previous paper’. 

For Buna-N, the viscosity relation for various solvents was determined in 
the following manner. After measuring the osmotic pressure and the viscoity 
in toluene, a sample of each fraction was dried in vacuum at room temperature 
and redissolved successively in acetone, chloroform and benzene® and its 
intrinsic viscosity in each of these solvents determined. 


RESULTS 
The viscosity-molecular weight measurements on the five series of fractions 
of GR-S (Buna-S, 75 per cent butadiene, 25 per cent styrene) are shown in 


Figure 1. The same log-log straight line relation seems to hold approximately 
for all types of GR-S, independent of the degree of conversion or the nature of 
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Fig. 1.—Viscosity of GR-S (Buna-S) in toluene: O, GR-S medium conv ersion-sol; @, GR-S medium 
conversion -fegraded macrogel; @, GR-S, low conversion-sol ; @, GR-S low conversion, microgel; 4, GR-S 
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Fig. 2.—Viscosity of Buna-N solutions: O, toluene; @, benzene; @, chloroform. 


the material: sol, microgel, or degraded macrogel. Analytically the intrinsic 
viscosity of GR-S in toluene at 25° may be expressed as: 


[n] (toluene) = 5.25 X 10-4*M?8 (3) 


This relation is accurate to at least 10 per cent for molecular weights between 
25,000 and 500,000, and probably is valid for much higher molecular weights. 
Lower molecular weights could not be measured with our osmometer because 
of the permeability of the membrane. 

The relations found for the other three polymers are shown in Table I and 
Figures 2 and 3. 

The reader can judge the accuracy of the determination of the exponent a 
from the experimental data in Figures 1-3. For GR-S, ais probably 0.67 + 0.05. 
For the other polymers the accuracy is considerably better. 


TABLE I 
Polymer Solvent K X 10 


Buna-N Toluene 4.9 
Acetone 5.0 
Chloroform 5.4 
Benzene 1.3 
Neoprene Toluene 5.0 
Sodium-polymerized polybutadiene | Toluene 11.0 


TABLE II 
IntrRInsIC Viscosity oF Buna-N SoLuTIONS 
Fraction 1 2 3 4 5 6 7 


Mol. wt. X 
1000 25.0 31.8 39.5 57.0 224 380 


Toluene 0.30 0.35 0.40 0.48 1.16 1.76 
Acetone 317 38 405 A475 

Chloroform .52 .62 -70 .93 

Benzene .36 .39 43 51 





NERD OO NG 8 ATAPI en rT 


pena e ey aia oa ee eer rai sie 


VISCOSITY-MOLECULAR WEIGHT RELATIONS 





10 








10,000 100,000 1,000,000 





Molecular weight. 


F1G. 3.—Viscosity of sodium-polymerized polybutadiene ( @) and Neoprene (QO) in toluene. 


The data for Buna-N in different solvents are further shown in Table II. 
No systematic work was done on polyisobutylene, since this polymer has 
been studied exhaustively by Flory?.. However, at the beginning of our work 
Dr. Flory kindly sent us three fractions of known molecular weight to check 


the accuracy of our osmometer. As seen in Table III the agreement between 
the data of the two laboratories is quite satisfactory. 

We have used these data to determine in a very rough way the dependence 
of the viscosity in toluene on the molecular weight. Figure 4 shows this 
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Fia. 4.—Viscosity of polyisobutylene: —, in diisobutylene (Flory); -- O--, in toluene (this paper). 
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relation (in broken line since based on but three points it is only very approxi- 
mate) and the well-established relation for the viscosity in diisobutylene’, 
These relations expressed analytically are: 


[n] (toluene) = 2.6 x 10-*M°- (4) 
[n] (diisobutylene) = 3.60 x 10-*M°-“4 (5) 
TaBLeE III 


POLYISOBUTYLENE FRACTIONS 


. ; Intrinsic viscosity 
Osmotic molecular weight 
A 





——, In toluene In diiso- 
Scott and (Scott and butylene 
No. Flory Magat Magat) (Flory) 
1 , 206,000 223,000 0.635 0.90 
2 515,000 495,000 1.25 1.64 
3 1,200,000 1,340,000 2.06 2.82 


DISCUSSION 


At about the same time as our research was carried out, Ewart and co- 
workers at the United States Rubber Company Laboratories measured solu- 
tions of fractionated GR-S in a glass osmometer, using cellophane membranes’. 
While most, if not all, of their measurements were made with benzene solutions, 
they fit our relation for toluene solutions remarkably well. Figure 5 shows the 
results of two different series of data by Ewart and French" and Tingey. 
Ewart and Hulse"; the line is our relation for toluene taken from Figure 1. 
It should be emphasized that the U. S. Rubber Company measurements were 
made in an entirely different osmometer, with a different kind of membrane, 
so the possibility of systematic error is almost certainly excluded. 
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Fig. 5.—Viscosity of Buna-S (GR-S) in benzene (U. 8. Rubber Company measurements) : 
O, Ewart and French; @, Tingey, Ewart and Hulse. 
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In the previous paper on natural rubber*, the authors have discussed in 
some detail the various theories which attempt to explain the viscosity of high 
polymer solutions. Since those comments seem to be equally valid for these 
data, they need not be repeated here, but one additional point is worth con- 
sideration. The intrinsic viscosity should be a function of the chain length 
rather than the actual molecular weight!?. Since the chain length is propor- 
tional to the molecular weight, the viscosity should be proportional to some 
inverse power of w, the weight per chain atom. That this seems to be true 
can be seen from Table IV. 


TaBLe IV 

Polymers w K X 10+ 
Polybutadiene 13.5-274 6.34 
GR-S 18-20 5.25 ° 
Hevea 18 5.02 
Buna-N M 15-26" 3.35 
Neoprene-GN 22 2.73 
Polyisobutylene 28 2.01 


(w = molar weight per chain carbon atom) 


The value of the empirical constant K is given for a variety of rubbers 
(in toluene solutions); to secure uniformity, they are all recalculated for 
= 2/3. We see that as w increases, there is a systematic decrease in K, 
corresponding to lower solution viscosities for equal molecular weights. This 
shift of the intrinsic viscosity-molecular weight curves is summarized graphi- 
cally in Figure 6. The theoretical expressions of Huggins and of Hulburt, 
Harmon, Tobolsky and Eyring'® represent the viscosity as proportional to 
inverse powers of the weight per chain atom, so in this respect at least they 
are approximately valid. 
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Fig. 6.—Viscosity-molecular weight relations for toluene solutions of various polymers. 
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It is interesting to note that, of the various theories, only that of Haller'® 
predicts accurately the dependence of the viscosity on the two-thirds power of 
the molecular weight”. 


SUMMARY 


Measurements of six different high polymers have shown that the intrinsic 
viscosity of the solutions depends on approximately the two-thirds power of 
the molecular weight. Dependence of the viscosity on the weight per chain 
atom of the polymer is indicated. 
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DECOMPOSITION OF ELASTOMERS AT 
HIGH TEMPERATURES * 


GLENN §S. SKINNER AND JAMES H. McNEAL 
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Vulcanized elastomer stocks made from Neoprene, 1,3-butadiene-acrylo- 
nitrile copolymer, GR-S, and natural rubber are employed in the manufacture 
of products which, in use, may be subjected to heat or fire. Selected vulcan- 
ized compositions of those elastomers have, therefore, been examined at high 
temperatures for comparison as to thermal behavior, density of smoke formed, 
and flammability of volatile products. 

Previous studies' showed that definite and sometimes large differences in 
the decomposition temperature of elastomer stocks may result from com- 
pounding, even with very small amounts of materials such as accelerators. 
With respect to decomposition products, the examination of the liquid portion 
from the destructive distillation of crepe rubber? revealed no fully saturated 
compound. It was found also that the presence of magnesium and zinc oxides 
during the distillation increases volatile liquids other than isoprene and dipen- 
tene and, also, the amount of aromatics at the expense of chain compounds. 

Midgley and Henne assigned relative cleavage tendencies of the different 
linkages in the chain from the yields of the liquid cleavage products and 
attributed the modifying effect to the action of magnesium oxide on the double 
bonds. The C—C bond 4-5 in the following formula was represented as being 
cleaved approximately .150 times as frequently as bonds 1-2 or 3-4, whereas 
in the presence of magnesium oxide this ratio dropped to 80 times as much: 


6 
H CH; H H H 


| | 
+ eee... 
H H H 
. ss 3 4 5 


The cleavage of the C—C bond 2-6 should lead to methane, which would 
not be detected among the liquid products. Such a reaction would be ex- 
pected, since the needed hydrogen at position 1 is in the reactive 1-3 position, 
counting both carbon atoms of the double bond. Similarly Neoprene and 
1,3-butadiene-acrylonitrile copolymer would be expected to yield hydrogen 
chloride and hydrogen cyanide, respectively. 

The structure of Neoprene is definitely known from its oxidation to succinic 
acid’, and it may be considered to be predominantly a 1-4 addition polymer 
of 2-chloro-1,3-butadiene. Although other substances, such as cyclic poly- 
mers‘, may be present, this structure is relatively satisfactory as a basis for 

* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 12, pages 2303-2308, December 


1948. This paper was presented before the Division of Rubber Chemistry at the 112th Meeting of the 
American Chemical Society, New York, September 17-19, 1947. 
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understanding the chemical behavior of Neoprene: 


Cl Cl 


| | 
---CH,—C=CHCH,CH,C=CHCH;: - - 
POT S.8. 4° 6°67 8 


A large part of a butadiene-acrylonitrile copolymer is probably as depicted by 


the following chain segment: 
C=N 


| 
. .-CH,CH=CH—CH,CHCH:: - - 
ee a ee ea 


In the Neoprene chain, hydrogen atoms 1 and 5 are in the reactive 1-3 
position to the double bonds at 3-2 and 7-6, respectively. In the butadiene- 
acrylonitrile chain the hydrogen atom at position 4 is in the reactive 1-3 
position to the double bond at 2-3. In the case of all three elastomers this 
reactive hydrogen is also in 1-3 position to the group eliminated, whether it 
be —CH;, —Cl, or —C=N. 

Any dissociation of these reactive hydrogens, with or without attending 
groups, is to be regarded as a factor tending to relieve the stress of heat tliat 
is applied to the system. The fact that natural rubber is dissociated by heat 
to isoprene may also be considered as evidence that the residual double bonds 
activate the C—C linkages in the 1-3 position. These C—C linkages are the 
ones formed by polymerization of the monomer. Similarly, this mode of 
relieving the stress of heat is also predicted as being more probable. 

Phosgene cannot be formed in the decomposition of Neoprene by heat in 
the presence of air unless two chlorine atoms are eventually linked to the 
same carbon. Prior to oxidation this might be accomplished by rearrange- 
ment of the chlorine atom or by dissociation and readdition of hydrogen 
chloride. The chlorine in Neoprene is not in a position favorable to rearrange- 
ment, and the high temperature at which hydrogen chloride dissociates is not 
favorable to its readdition. 

In general, the results of the experiments reported here are in harmony 
with the foregoing theoretical predictions and the results of previous investi- 
gators. In addition, certain new observations are recorded. For example, 
when rapidly heated in a current of air to an ultimate temperature of 500° C, 
all elastomer compositions studied, either in the form of sponge or press-cured 
slabs, undergo rapid exothermic decomposition at temperatures varying from 
about 225° to 350° C. Exothermic decomposition also takes place in an atmos- 
phere of nitrogen. Polythene, whose chain segment contains no residual double 
bonds, gives no exothermic reaction. 


COMPARISON OF SMOKE DENSITY AND TEMPERATURE 


Smoke densities were compared to the temperature of the samples in an 
apparatus (Figure 1) designed to prevent ignition and sensitive enough to give 
a high degree of extinction of the light at smoke densities obtained in these 
experiments. Cold-rolled steel was selected as the best material for the sample 
container after comparable experiments were made with copper, chrome-plated 
copper, stainless steel, and platinum. The exothermic decomposition of the 
Neoprene stocks was not affected by these variations. The copper cup is 
corroded to the greatest extent with the formation of cuprous chloride, and the 
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' chromium-plated cup is pitted extensively. There is little or no corrosion of 


the stainless steel or cold-rolled steel cup. The cup is 234 inches in diameter, 
with a thermocouple well drilled from the side to the center of the base which 


| is % inch thick. 


The cup was supported on a steel plate 144 inch thick, which was heated on 
a gas cook stove burner. In the smoke density determinations this plate was 
bolted to the lower end of the apparatus, which was constructed of Type K 


copper pipe, 3 inches in diameter. A standard sealed-beam headlight unit 


(32 candle power) with storage battery and rheostat was selected as a light 
source, since a smoke column which markedly reduces the intensity of the 
maximum beam of this light is dense enough for impairment of vision. A 
Weston foot-candle meter (No. 614) was set at the other end of the light 
chamber, which was 22 inches long. Light baffles to eliminate variations in 
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Fig. 1.—Smoke density apparatus. 


reflection from the side walls were found to be necessary. Air was supplied 
through a flowmeter uniformly to the sample from opposite directions. Iron- 
constantan thermocouples made from No. 30 wire were used in the sample. 
A thermocouple with an iron sheath \ inch in diameter was inserted in the 
cup through the side wall of the apparatus. 

Samples 114 inches square and weighing 20-30 grams were cut from slabs 
l4 inch thick. A thermocouple was inserted in the center of the sample 
l¢ inch from the bottom. Thermocouples inserted in the smoke chamber gave 
little variation in the experiments and were omitted. All thermocouples were 
connected to a direct-reading potentiometer through a multiple switch. 

In operation, the light was controlled by means of a rheostat and battery 
charger so that the initial reading of the light meter was 50 foot-candles. The 
mean heating rate was such that the temperature of the cup reached 400° C 
in approximately 11 minutes. The air flow was approximately 135 cc. per 
minute. Temperature and light-meter readings were made at one-minute 


intervals. 
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The thermocouples were always located at a measured distance in the 
sample, since variations arose from their locations at different levels. Also, 
the temperature was changing rapidly during the heating process, and more 
rapid heating increased the magnitude of the exothermic rise. In _ those 
experiments in which the same heating rate was attained, the approximate 
limit of accuracy was +5° C. In such cases the time for complete extinction 
of the light could be duplicated within approximately one minute. A com- 
parison of the various elastomers was made by selecting stocks of similar 
composition (Table I). All of the stocks studied contained 2 parts of pheny!l- 
B-naphthylamine. 

TABLE I 


COMPARISON OF ELASTOMERS IN GUM STOCKS 


Temp. at 
start of 

Rate of rapid Peak Min. to 

heating decompn. temp. rapid Min. to 

(min.*) (°C) ‘’ C) rise extinction 
1. Natural rubber? 11.5 232 395 16 17° 
2. GR-S¢ 11 350 500 13.5 10 
3. B.-A.4 12 385 485 16 14/ 
4, Neoprene* 11.2 245 507 15 15.5 
5. Polythene 11 No exothermic reaction 21¢ 


* Minutes required to heat the cup to 400° C. 


— sheet 100, ZnO 5, stearic acid 1, benzothiazoy! disulfide 0.85, sulfur 2.75 parts; cure, 40 min., 
141 


¢ GR-S 100, ZnO 5, stearic acid 2, benzothiazoy] disulfide 0.85, sulfur 2.75 parts; cure, 60 min., 141° C. 


a Butadiene-acrylonitrile Lopoly mer 100, ZnO 5, stearic acid 1.5, benzothiazoyl disulfide 1. 25, sulfur 
2.75 parts; cure, 40 min., 141° C. 


°c Neoprene (as the commercial emulsion polymer GR-M) 100, ZnO 2, MgO 4 parts; cure, 60 min., 
141 

/ Maximum extinction 99%. 

¢ Extinction 94% complete. 


EFFECT OF COMPOUNDING AGENTS 


The results indicate that all four of the elastomer stocks underwent exo- 
thermic decomposition. Polythene gave no exothermic reaction on similar 
treatment. The entire operation and the fact that 50 per cent extinction of 
the light occurred before the rapid action began can be understood from the 
graphical representation of the complete data (Figures 2 to 6). 
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Fie. 2.—Smoke density and thermal behavior of natural rubber. 


Se eee 


eerste ne nine eft Ss ene 


aes See 











Be poe te as asa CO 


Dorsey 


NU vere ie 


Bo tea ml Se i ea mataga 





DECOMPOSITION OF ELASTOMERS BY HEAT 671 

















































































the ' $00 1GHT 460 
\lso, — INTENSITY 
i CUP 
nore ' TEMPERATURE 
hose — 400; 440 
nate 3 “ 
tion oo w 
om- &— 5 “— 13% 3 
— ? AMPLE z 
ilar &F © TEMPERATURE ° 
nyl- FF © 200 > 
uy ° 
a °o 
oy ua 
B 
a 100 
_ i ° 5s 0 & 2 42 3 
ction [> MINUTES 
rb B F1a. 3.—Smoke density and thermal behavior of GR-S. 
tf 
5 : 500 LIGHT 
! : INTENSITY CUP TEMPERATURE 
: 400} 440 
min., ” 
, w 
cc. ° 2 
ulfur Zz 
% 300r AMPLE ~ 3 
min., w TEMPERATURE af 
° - 
w 
q 2 200 420 § 
‘4 
100 310 
XO- 
ilar 
1 i i, 1 
sd J 5 10 ‘5 20 2 30 
ad MINUTES 
Fic. 4.—Smoke density and thermal behavior of butadiene-acrylonitrile copolymer. 
i 500 LIGHT +50 
i INTENSITY UP TEMPERATURE 
g 
2 400} 440 
é o 
a ” SAMPLE a) 
4 a. TEMPERATURE 39 2 
q x < 
| ° ° 
200 +20 8 
: a 
100 -!0 
: l lL i A 
i 5 10 1S 20 25 30 
MINUTES 


Fia. 5.—Smoke density and thermal behavior of Neoprene. 

















RUBBER CHEMISTRY AND TECHNOLOGY 








500 |s0 
400 440 
. ” 
° ar 
@ 300 430 2 
w < 
a 9 
°o { 
Fo 5 
200 420 8 
rs 
AMPLE e 
100 TEMPERATURE 10 
l 1 l 1 1 t 
5 10 is 20. + 25 30 
MINUTES 


Fig. 6.—Smoke density and thermal behavior of polythene. 


A similar study was made of the effect of zinc and magnesium oxides on 
Neoprene. Although the results are not quantitatively comparable on account 
of variations in the heating rate, they show that large amounts of these oxides 
greatly increased both the rate and magnitude of the exothermic rise (Table II). 

Since carbon black is widely used as a compounding agent, its effect on the 
exothermic action in Neoprene was studied. An absorbent black (Nuchar) 
was also tested especially for a possible effect on smoke density. The data 
(Table III) indicate that these materials reduce the magnitude and the rate 


Oxide, parts 


ZnO, 2; MgO, 4 

. Accelerator 808, 1 
ZnO, 2 

ZnO, 50 

. MgO, 25 


390 I> 


TABLE II 
Errect or ZINC AND MAGNESIUM OxIDEs IN NEOPRENE? 


Min. for Start of 


cup to rapid rise 
reach 

400° C aS Min. 
Lil 255 15 
13 295 =15.5 
14.7 240 «#417 
11 270 ~=11 
14 275 118 


« GR-M, 100 parts; cure, 60 min., 141° C. 


"AZ 
507 
455 
500 
590 
515 


Peak 


Min. 


18 
18 
20.5 
12 
18.8 


EFFECT OF CARBON BLACK IN NEOPRENE* 


Black and oxide 
parts 
10. MPC black, 50 
11. MPC, 50; ZnO, 2; 


MgO, 4 
12. MPC, 50; ZnO, 50 
13. Nuchar, 50 
14. Nuchar, 50; ZnO, 2; 
MgO, 4 


TABLE III 
Min. for Start of 
cup to rapid rise 
reach 
400° C “5 Min. 
10.4 330 §=612 
13 305 =-:13..5 
11.7 280 12.3 
12 350 3=:13.5 
11.8 345 12 


« GR-M, 100 parts; cure, 60 min., at 141° C. 


Peak 
°C Min. 
450 14 
440 17 
545 13.5 
465 =15.5 
470 14 


Av. rate 
of rapid 
rise 
(° C/min.) 
87 
64 
75 
320 
120 


Av. rate 
of rapid 
rise 
(° C/min.) 
60 
38 


221 
58 
63 


Min. to 
extine- 
tion 


Min. to 
extine - 
tion 
11 
14 


14 
13 
11.2 
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of the exothermic rise. The rapid action also starts at higher temperatures. 
The smoke in each case is still dense enough to cause extinction. 

In many floor-covering stocks such fillers as alumina cement (a quick- 
setting cement with higher alumina content than portland cement) and ground 
silica are used. These fillers (Table IV) did not eliminate either the exother- 
mic action or extinction of light. Lower peak temperatures were obtained, 
as might be expected, on account of the high dilution of Neoprene with these 
materials. 

The addition of 10 parts of Chlorofin (a chlorinated paraffin) to such a 
composition (Table IV, Stock 15) had no effect. The addition of 112.5 parts 
each of aluminous cement and ground silica to a natural rubber stock (Table I, 
Sample 1) gave similar fluctuating smoke density, maximum extinction of 89 
per cent and a similar exothermic rise. 

The use of 25 parts of sodium acetate as an acid acceptor in Stock 6 (Table 
II) produced no well defined variation. The similar addition of 25 parts of 
dodecylamine to Stock 11 (Table III) decreased the smoke density to the 
border line of extinction. 

The effect of a reagent stable toward heat and considered to be capable of 
reacting at elevated temperatures with the active methylene groups of Neo- 
prene was tested. Thus the modification of Stock 11 (Table III) with 25 
parts of phthalic anhydride reduced the smoke density to the border line of 
extinction, raised the temperature of the beginning of the exothermic rise to 
approximately 350° C, and decreased the magnitude of the exothermic rise. 
The exothermic rise was faster but lasted a shorter time. 





TABLE IV 
EFFECT ON NEOPRENE? OF FILLERS USED IN FLOOR COVERING 
Min. for Start of Av. rate 
cup to rapid rise Peak of rapid 
reach ———— -—_—____ rise Min. to 
Stock no. 400° C °C Min. °C Min. (° C/min.) extinction 

15° 10 275 10.5 445 12.5 88 11 
16¢ 10.3 285 11.7 450 15 50 11.3 
174 11.3 320 12 435 15.5 33 12.5 


¢ GR-M, 100 parts; cure, 10 min. at 141°C. 

+ ZnO, 5; ground silica, 150; alumina cement, 150 parts. 
¢ ZnO, 2; ground silica, 150; alumina cement, 150 parts. 
4 Ground silica, 150; alumina cement, 150 parts. 


An unvulcanized Neoprene, made by polymerization in a wood-rosin emul- 
sion and containing 1 per cent antioxidant, also underwent rapid exothermic 
decomposition at 245° C in an atmosphere of nitrogen. It would appear that 
the exothermic action is, therefore, not due to vulcanization or to the action 
of oxygen. 

Since the exothermic action takes place also in an atmosphere of nitrogen 
and none of the compounding agents remove the exothermic action, it is essen- 
tially a characteristic of the elastomers. The complete experimental data also 
show, in general, that 50 per cent extinction of the light occurs before the 
exothermic rise begins. Complete extinction of the light is nearly always 
reached between the beginning of the rapid exothermic rise and the peak 
temperature. 

The general effect of slower heating rates in reducing both the abruptness 
of the rise and the peak temperature suggests that preheating below the rapid 
decomposition temperature may reduce or remove the exothermic action. This 
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was confirmed by heating Stocks 1, 2, 3, and 4 (Table I) in a constant-tempera- 
ture oven at 190° C for 120 hours. The butadiene-acrylonitrile, GR-S, and 
Neoprene samples then showed no exothermic reaction. Natural rubber gave 
a slight exothermic rise which was not comparable to that of the original 
sample. It is noteworthy that the Neoprene stock showed a loss of only 22 
per cent in weight, compared to 57 per cent when it underwent rapid exothermic 
decomposition. 
EVOLUTION OF HYDROGEN CHLORIDE 


To study the evolution of hydrogen chloride from Neoprene in relation to 
exothermic action and smoke evolution, a portion of the gaseous suspension 
was drawn at approximately 100 cc. per minute from a point 3 inches above 
the sample through a drying tube and a series of absorbers each containing 
standard potassium hydroxide equivalent to 67.5 mg. of hydrogen chloride. 
The absorbers were arranged in parallel so that the first could be closed as 
soon as the spontaneous action started. The flow of gas to the successive 
absorbers was begun at the moment of neutralization in the previous one. To 
relate the temperature of the sample more accurately to the rate of evolution 
of hydrogen chloride, three thermocouples were inserted in the sample diag- 
onally, 4 inch from the bottom, at the center, and 14 inch from the top. 


TABLE V 
RELATION OF HyDROGEN CHLORIDE? EvoLuTION TO EXOTHERMIC ACTION 


Rate of 
Min. to HCl ev. 
begin- before Rate of 
Stock ning of ex. Min. to Min. to HCl ev. Min. to 
100 parts ex. action peak peak at peak extinc- 
(GR-M) action (mg./min.) action HCl ev. (mg./min.) tion 


13° 8 0.7 12 12 96 8.5 
14° 8 1.1 11 11 48 6.5 
18¢ 10 0.5 15 16 38 9 
194 10 0.5 15 15 84 9 

2 Based on total volatile acid. 

+ Formulation given in Table III. 


¢ ZnO 2, MgO 4, MPC black 50, dodecylamine 25 parts. 
4 ZnO 2, MgO 4, MPC black 50, phthalic anhydride 25 parts. 


The zero time selected (Table V) is that at which the cup reached 200° C. 
The time for the peak temperature is the average for the three thermocouples. 
The results show that very little hydrogen chloride was evolved before rapid 
action began. They show also that the maximum rate of hydrogen chloride 
evolution and the peak temperature of the sample were reached at the same 
time. 

Since the combined effect of MPC black and phthalic anhydride (Stock 19) 
reduces the smoke density to the border line of extinction, it is possible to 
observe that the maximum extinction occurs as much as six minutes before 
the peak evolution of hydrogen chloride. It is well to recall in this connection 
that all of the elastomer stocks tested give 50 per cent extinction before the 
beginning of the rapid rise in temperature. Perhaps the most important 
observation is that the increased rate of evolution of hydrogen chloride from 
this stock actually corresponds to a diminished smoke density. These rela- 
tions are shown by Figure 7 (compare also Figure 5); 96.3 per cent of the 
acidity was due to hydrogen chloride. Sulfur dioxide and hydrogen sulfide 
were found to be absent. 
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Fig. 7.—Exothermic action, smoke density, and rate of acid evolution from Neoprene. 


RESIDUES FROM DECOMPOSITION 


All of the elastomer stocks (Table I) melted completely and left a spongy 
char, with no indication of the original shape. Inert loading materials (Table 
IV) prevented distortion of the stocks. Neoprene Stock 10, containing 50 
parts MPC black (Table III), held its shape most satisfactorily. Zine and 
magnesium oxides tended to disrupt the sample by cracking or blistering. 
A comparison of the various stocks with respect to loss in weight based on the 
percentage of elastomer present reveals no significant trend. 


APPEARANCE AND GASEOUS COMPONENTS OF SMOKE 


To view directly the smoke fluctuation and the behavior of elastomer 
stocks showing decided differences, some of the samples were heated in a glass 
apparatus. The ends of a section of Pyrex industrial pipe, 24 x 5 inches, was 
ground smooth. This rested on a ring of asbestos paper placed on the iron 
plate as before. The cup was set on the plate centrally located with respect 
to the walls of the glass cylinder. Thermocouples were led to the cup and 
sample from the top of the cylinder. The sample was heated as in the smoke 
density determinations. 

The smoke was nearly white except for those samples containing zinc and 
magnesium oxides. For example, the smoke from Stock 8 (Table II) at first 
was white, but within a few seconds from the beginning of the exothermic 
reaction the tube filled with a much denser dark smoke, which became darker. 
This material rapidly condensed on the walls of the tube as a dark liquid and 
left a white smoke at the top. In‘contrast, several minutes were required for 
Sample 10, containing 50 parts MPC black, to fill the tube with smoke, and 
the color was nearly white. The formation of the dark liquid product can be 
explained only by chain cleavage of Neoprene. 

Despite the difficulty arising from the ignition of the vapors from natural 
rubber (Table I), several successful experiments were made in which the smoke 
cleared entirely just above the sample after becoming dense enough largely to 
obscure it and then reappeared just as the smoke density determinations had 
indicated. GR-S showed a somewhat similar behavior. 
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This action of natural rubber and GR-S compositions was so interesting 
that the gaseous products from natural rubber were examined quantitatively, 
A chimney nine inches long was covered with a heavy asbestos board, through 
which were inserted air inlet and exit tubes reaching nearly to the sample. 
Air was admitted as before at the rate of about 135 cc. per minute. The first 
gas sample was collected when the dense smoke had formed. The second 
sample was taken from the cleared area, and the third when the smoke replaced 
the cleared area. 

The analyses of the samples from separate experiments definitely show 
that the cleared portion contained more saturated and unsaturated hydro- 
carbons than the denser smoke before or after it (Table VI). The slow com- 
bustion contraction and the amount of carbon dioxide from the slow combustion 
show that the saturated hydrocarbon component was a mixture, of which the 
average molecular weight was less from the cleared area. 


TaBLe VI 


CoMPONENTS OF GAS FROM NATURAL RUBBER? AT FLUCTUATING 
SMOKE DENSITIES 








First decompn.® Second decompn.¢ 
0 (%) When 
= A ~ - AN ~ smoke 
When When again 
Before smoke Before smoke increased 
Components of gas clearing cleared clearing cleared (%) 
Acids, COs, etc. 1.0 2.0 0.8 1.2 0.9 
Unsatd. hydrocarbons 0.8 12.3 3.5 6.2 3.0 
Oxygen 19.4 12.2 16.9 13.5 18.1 
Hydrogen 0.15 0.0 0.1 0.0 0.05 
CO 0.25 0.1 0.1 0.0 0.05 
Slow combustion con- 
traction 0.5 7.0 1.0 3.0 2.9 
Slow combustion CO.¢ 0.85 5.2 1.1 2.5 2.4 


¢ Stock 1, Table I. 

> Gas samples collected over water. 

¢ Gas samples collected over mercury. 

4 Measure of the amount of mixed saturated hydrocarbons present. 


In these experiments the clear area in the smoke was formed at the peak 
temperature of the sample. While fluctuating smoke densities were almost 
always obtained from the natural rubber stocks, the first clearing interval did 
not always coincide with the peak temperature (Figure 2). However,. the 
fluctuation in smoke density was clearly connected with exothermic action. 

The rapid heating of the butadiene-acrylonitrile copolymer did not cause 
fluctuating smoke densities. Moreover, hydrogen cyanide is subject to partial 
decomposition under these heating conditions. Therefore qualitative tests 
for hydrogen cyanide were made at regular intervals with the absorbing system 
used for hydrogen chloride. After heating five minutes, the smoke was drawn 
through 0.2 N potassium hydroxide in the first absorber for ten minutes. The 
remaining absorbers were connected at intervals of five minutes. The Prussian 
blue test showed only a trace of hydrogen cyanide before the beginning of the 
exothermic action. The more voluminous precipitate of Prussian blue was 
obtained during the peak of the rapid action, an indication that the increased 
rate of evolution of hydrogen cyanide is also characteristic of exothermic 
decomposition. 
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ATTEMPTS TO DETECT PHOSGENE 


To determine whether phosgene was present in the gaseous decomposition 
products from Neoprene stocks, the quantitative method of converting it to 
diphenylurea, as reported by Yant and others’, was used. Test tubes (1 x 10 
inches) with delivery and exit tubes were substituted for the absorbers de- 
scribed. The absorbent column for hydrogen chloride was used without 
change. 

The yields of diphenylurea from air containing known amounts of cylinder 
phosgene were determined (Table VII). Phosgene in cylinders® contains other 
chlorine compounds, which may partially explain these results. As the smoke 
from Neoprene is known to include large amounts of hydrogen chloride, the air 
containing the phosgene (Experiment 5) was first passed through concentrated 
hydrochloric acid to obtain the effect of its hydrolyzing action on phosgene. 
The crystalline precipitates were very voluminous, and traces were easily 
recognized under the microscope. 


TABLE VII 
Y1eLps or DIPHENYLUREA FROM CYLINDER PHOSGENE 
Experiment no. 1 2 3 4 5 
Yield obtained (mg.) 6.0 28.4 24.9 23.5 9.8 
Theoretical yield (mg.) 9.5 47 42.6 42.6 28.4 
Yield (%) 63.1 60.1 58.5 55.2 34.5 


The smokes from various Neoprene stocks were tested for phosgene with 
negative results. Stock 6 (Table II), containing a large amount of Neoprene, 
was studied in greater detail. A Pyrex tube, 3 inches in diamater and 9 inches 
in length, fitted with a cover of asbestos board held tightly in place by an iron 
ring and carrying inlet and outlet tubes, was heated as previously described. 
When the fumes began to appear, 2500 cc. of this smoke was drawn through 
the purifying column and the absorber containing aniline at the rate of 300- 
500 ce. per minute. No trace of diphenylurea appeared from samples 4% inch 
square 

The possibility that phosgene is formed and then destroyed in the smoke 
was eliminated by delivering into the smoke through the air inlet a 250-cc. 
sample of air containing 1 cc. of phosgene gas. The portion of this smoke 
that was passed through the absorber then gave a voluminous precipitate of 
diphenylurea. 

As carbon tetrachloride is known to give phosgene under similar conditions, 
the nonformation of phosgene from Neoprene was tested as follows. Using 
another sample of the above stock in the same way with smoke withdrawal 
at a rate of 200-300 cc. per minute, no trace of diphenylurea was obtained. 
When one drop of carbon tetrachloride was allowed to fall through the smoke 
to the hot cup, a copious precipitate of diphenylurea formed. 

Since the diphenylurea test is capable of detecting traces* and has shown 
no indication of phosgene, it either is not formed or does not escape from the 
reacting region in sufficient quantity’ to be a hazard. 


FLAMMABILITY OF VOLATILE PRODUCTS 


To determine the flash point of the vapor and the tendency to burn, a 
small hole was drilled in the glass chimney 3 inches from the bottom. A glass 
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jet was introduced through this opening. Thermocouples were placed in both 
the sample and the cup. 

In operation the glass chimney (9 inches long) was open at the top, and a 
small pilot flame was kept burning from the jet during the rapid heating 
process. The temperatures were read at intervals of one minute, and the 
temperature at which the vapor flashed was noted. The samples were of the 
same size and shape as those used in the smoke density determinations 
(Table VIII). 


TABLE VIII 


IGNITION CHARACTERISTICS OF SMOKE 
Cup Sample 
temp. temp. 
at flash at flash Burning characteristics 
Sample? (°C) (°C) after flash 


1. Natural rubber 415 270 Continuous at sample 

2. GR-S 437 342 Continuous at sample 

3. Butadiene-acrylonitrile 430 380 Continuous at sample 

4, Neoprene 410 315 Vapor extinguished pilot which 
could not be relighted 


* Compositions in Table I. 


In all cases the initial flash at the pilot occurred exactly at the beginning 
of the rapid rise in temperature of the sample. The flame descended to the 
natural rubber, GR-S, and butadiene-acrylonitrile samples which continued to 
burn. With Neoprene, flashes occurred at the pilot but did not ignite the 
vapors or the sample. The flashes increased in frequency and intensity until 
the pilot light was extinguished. The interval between the flash and the 


extinction of the pilot light above the Neoprene stock varied in different trials. 
A lighted taper was now lowered into the tube and was extinguished before 
reaching the pilot. The gas at the mouth of the chimney burned briefly and 
then the flame went out. The taper was reintroduced as rapidly as possible 
for seven minutes after the first ignition, but continuous burning was never 


attained. 


SUMMARY OF RESULTS 


All of the elastomer compositions tested from natural rubber, GR-S, 
butadiene-acrylonitrile copolymer, and Neoprene undergo an exothermic de- 
composition when rapidly heated. Increase in the heating rate enhances the 
abruptness and magnitude of the exothermic rise. Long heating at 190-200° C 
eliminates exothermic action. The rapid action also takes place in an atmos- 
phere of nitrogen. Various compounding agents may modify this behavior, 
but they do not eliminate it. The exothermic action is therefore characteristic 
of the elastomers in the stocks. The only known structural characteristic 
common to all these elastomers is the residual double bond. The exothermic 
activity is, therefore, ascribed primarily to this source. 

This interpretation is further supported by the work of Midgley and Henne, 
which showed that the C—C bond in the 1-3 position to the residual double 
bond in crepe rubber is most readily cleaved. It is rendered still more prob- 
able by the evolution of products from the gum stocks tested, which require 
active hydrogen atoms for their formation. Very little hydrogen chloride is 
evolved before rapid action begins, and the rate of evolution increases sharply 
at the peak of exothermic action. Similarly, the butadiene-acrylonitrile co- 
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polymer yields hydrogen cyanide, and natural rubber yields saturated gaseous 
hydrocarbons. 

The evolution of smoke does not necessarily parallel the exothermic action. 
Smoke densities sufficient to cause 50 per cent extinction are always obtained 
before the beginning of the rapid rise in temperature. Complete extinction of 
the light in the apparatus occurs at a point between the beginning and the 
peak of the exothermic action. The smoke just above the sample of some 
stocks may clear completely during the exothermic action. Stocks containing 
zinc and magnesium oxides give colored smokes of a greatly increased order of 
density during the exothermic action. Phosgene cannot be detected in the 
smoke from Neoprene stocks. 

The outside heating temperatures at which the smoke and volatile gases 
flash are very similar for the four elastomers in the gum stocks. The initial 
flash occurs at the beginning of the exothermic rise. The smoke from Neo- 
prene extinguishes the pilot light, while the other samples are ignited and 
continue to burn. 
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THE STRUCTURE OF NEOPRENE. I. THE 
MOLECULAR-WEIGHT DISTRIBUTION 
OF NEOPRENE TYPE GN* 


W. E. Mocuet, J. B. NicHous, anp C. J. Miautron 


CHEMICAL DEPARTMENT, EXPERIMENTAL Station, E. I. pu Ponr pe Nemours & Co., 
WitmineTon, DELAWARE 


It has been recognized that synthetic high polymers in general are non- 
homogeneous, particularly in respect to molecular weight. Therefore, the 
molecular weight of a particular polymer cannot be characterized accurately 
by a single value and a knowledge of the distribution of molecular weights is 
required. Any single molecular weight value for a heterogeneous polymer must 
perforce be an average value and will differ appreciably with the method of 
averaging. Although it has been shown recently that the tensile strength of 
some polymers, e.g., cellulose acetate, depends explicitly on the number average 
molecular weight, regardless of the distribution of molecular weights, other 
properties of high polymers such as plasticity? are influenced markedly by the 
heterogeneity of molecular weights. The present investigation of the molecu- 
lar-weight distribution of Neoprene (polychloroprene) is a part of an extensive 
study of the structures of these polymers. 

There have appeared recently several new methods for determination of 
molecular weight distribution’ but the standard method continues to be that of 
careful fractionation and examination of each fraction. This method also 
furnishes polymer samples of sufficient homogeneity that they can be used to 
calibrate the intrinsic viscosity-molecular-weight relationship with an absolute 
method such as osmotic pressure. The two most common methods for frac- 
tionation of high polymers are: (1) precipitation by successive additions of a 
nonsolvent to a solution of the polymer and (2) successive extractions of the 
polymer with solvent/nonsolvent mixtures of increasing solvent concentration. 
It has been shown that neither method can give a really sharp separation of 
species but the first method appears to be satisfactory for practical purposes 
if certain precautions are taken. Thus, it is advisable to use a reasonably 
dilute solution, precipitate at constant temperature and wash the precipitated 
fractions to remove low molecular weight material. 


EXPERIMENTAL 


Materials.—A sample of standard, commercial Neoprene Type GN of plas- 
ticity classification® P3 and two months old was selected for fractionation. Neo- 
prene Type GN is a polychloroprene polymerized in aqueous emulsion in the 
presence of sulfur and is stabilized with tetraethylthiuram disulfide®. (Neo- 
prene Type GN is identical with GR-M currently manufactured at Louisville 
by the Office of Rubber Reserve, Reconstruction Finance Corporation.) To 
obtain the pure polychloroprene, essentially free from soap residues, stabilizers 
and adjuvants used in the polymerization, 55 grams of the finely-cut Neoprene 
was dissolved in 500 cc. of thiophene-free, dry benzene, and 500 cc. of C.P. 


ie * Reprinted from the Journal of the American Chemical Society, Vol. 70, No. 6, pages 2185-2190 
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methanol was added slowly, with stirring, to precipitate the polymer. Further 
addition of methanol to the clear, supernatant liquid produced no cloudiness. 
The polymer was washed twice with 100 ce. portions of methanol and dried at 
room temperature under vacuum. The dry polymer weighed 50.5 grams. In 
these operations and all subsequent handling, the polymer, its solutions and the 
fractions were kept under an atmosphere of nitrogen. 

The benzene-methanol mixture left after precipitation of the polymer was 
combined with the methanol wash liquors and evaporated to dryness under 
vacuum. The residue, consisting of 4.6 grams of dark brown, very viscous 
oil, was not investigated further. 

Fractionation.—The purified polychloroprene prepared as described above 
(50.5 grams) was dissolved in 5 liters of thiophene-free, dry benzene and to the 
solution was added 0.5 grams of phenyl-a-naphthylamine to inhibit degrada- 
tion of the polymer. After a sample (150 cc.) of the solution of whole polymer 
had been removed for test, fraction A was precipitated by the slow addition of 
methanol, with mechanical stirring, until the solution became hazy at 25°. 
It was then warmed gently until it became clear, at about 26-28°. Precipita- 
tion of the first fraction required 1200 cc. of methanol. The clear, warm 
solution was cooled slowly to 25° and maintained overnight at constant tem- 
perature, during which time the precipitated polymer settled out as a very 
viscous liquid containing the high molecular weight polymer in solution. The 
clear, supernatant solution was siphoned off and the fraction was washed twice 
with a benzene-methanol mixture of the same concentration as the mixture 
from which the fraction had precipitated. These washings were added to the 
main solution and the fraction was dissolved immediately in 200 cc. of thio- 
phene-free, dry benzene. A benzene/methanol azeotrope was distilled from 
this solution at 30° under vacuum until about 100 cc. had been removed; then 
another 100 ce. of benzene was added and the distillation was continued until 
the refractive index of the distillate was that of pure benzene. The remaining 
solution of the fraction in pure benzene was used for subsequent measurements. 

The procedure described above was followed for the preparation of the 
first three fractions since it had been found that evaporation of these fractions 
to dryness resulted in the formation of small amounts of gel’. Remaining 
fractions were coagulated with methanol after being washed and were then 
evaporated to dryness under vacuum at room temperature. After approxi- 
mately half of the polymer had been fractionated, a single washing of each 
fraction was considered sufficient. Eventually, when 28 grams of the Neo- 
prene had been precipitated it was necessary to concentrate the solution to 
about 1 per cent solids again before proceeding with the final fractionations. 
This was done at 25-30° under vacuum with a slow stream of nitrogen through 
a fine capillary tube. Finally, when no more material could be precipitated, 
the remaining solution was evaporated to dryness. 

An attempt to improve the homogeneity of Neoprene fractions further by 
solution and reprecipitation gave meaningless results, presumably because of 
degradative changes occurring during the longer time required for the addi- 
tional operations. Consequently the Neoprene fractions described here were 
not reprecipitated. Repeated measurements on the whole polymer gave good 
checks on intrinsie viscosity and osmotic pressure. To diminish the effects of 
degradative changes, the fractions were dissolved and their molecular weights 
measured within a few days after preparation. 

A total of seventeen fractions was obtained from the purified polychloro- 
prene. The dried fractions were dissolved in thiophene-free, dry benzene to 
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make solutions containing 1 gram of polymer and 0.0050 gram of phenyl-a- 
naphthylamine per 100 cc. of solution. Solids content of each solution was 
accurately determined by evaporation to dryness at 70° of a 25.00-ce. aliquot 
(measured at 25.0°) and the remaining solution was used for the determination 
of number average molecular weight and intrinsic viscosity. To obtain a 
check on the results a rough fractionation was carried out analogously to get 
six different fractions which would approach the above in homogeneity. 

Osmotic pressures—The number average molecular weights in benzene 
solution were measured by means of static type osmometers, using gel cello- 
phane membranes (regenerated cellulose that has not been dried). The os- 
mometers used were similar to those described by Schulz and by Wagner® and 
the membrane preparation was the same as that of Wagner. 

For each sample, duplicate determinations were made at each of four 
different concentrations. To minimize the error due to thermometer effect, 
especially with the benzene solutions employed, the temperature was regulated 
within +0.01°. The capillary correction for benzene was measured, and since 
the correction for most solutions in organic solvents does not differ much from 
that of the pure solvent, separate measurements were not made for each indi- 
vidual solution. The measurements for each sample were plotted as z/c vs. c 
and extrapolated to zero concentration, assuming a straight-line relationship: 

x RT 
“teal + Be 
which appeared to fit within experimental error in the range of concentrations 
employed, 7.e., 0.25-1.50 grams per 100 cc. Representative curves are given 
in Figure 1. 

Intrinsic viscosity—Viscosities were measured in benzene solution, using 
an Ubbelohde suspended level viscometer® modified by substitution of a 50-cc. 
reservoir for the usual 5-10-cc. bulb. Since the operation of the suspended 
level viscometer, unlike that of the Ostwald types, is not affected by the volume 
of liquid in the viscometer, it was possible to make carefully weighed additions 
of a 1-2 per cent solution of polymer to solvent in the viscometer. Thus the 
viscosity at various concentrations could be measured without having to clean 
and refill the viscometer before each determination. The viscometer dimen- 
sions were such that the kinetic energy error was only 0.4 per cent in the 
kinematic viscosity of benzene, having an efflux time of 116.4 seconds, and no 
correction was applied. 

The dry, thiophene-free benzene used as solvent was measured at 25.0° in 
calibrated pipets and the efflux times were determined at the same temperature 
with a maximum fluctuation of +0.02°. The efflux times were checked within 
+0.2 second. Normally four additions of the polymer solution were made, 
keeping the relative viscosity between 1.15 and 1.4. 

The concentration of the polymer by weight in the master solution was 
calculated, using 1.23 as the specific gravity of polychloroprene” and 0.8735 
as the specific gravity of benzene at 25°. The concentration of each solution 
measured was calculated in grams per 100 cc. and used to determine reduced 
viscosity, msp/c. Using a differencing technique", the four sets of nsp/c vs. c 
values were fitted to the best straight line for the equation developed by 
Huggins and others": 


Tsp — [n] + k’[n}e (1) 


c 
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Fia. 1.—z/c vs. c curves for representative Neoprene Type GN fractions. 
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Fia. 2.—nsp/c vs. c curves for Neoprene Type GN fractions. 
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The intrinsic viscosity was thus obtained as the limiting reduced viscosity, 
and simultaneously the constant k’ was evaluated. The experimental results 
are shown graphically in Figure 2. 


RESULTS AND DISCUSSION 


The purified polychloroprene was divided into seventeen fractions, the last 
one of which gave such erratic osmotic measurements that its molecular weight 
could not be calculated. The total weight of fractions isolated from the 49.0 
grams of polymer fractionated (50.5 grams minus 1.5 grams for a sample of 
whole polymer) was 46.48 grams. There was thus a loss of 2.52 grams of 
polymer during the fractionation. On the assumption that this loss had been 
uniformly distributed over all fractions, the total weight of the isolated frac- 
tions was used in calculating what percentage of the whole each fraction 
constituted. The results obtained are given in Table I. 


TABLE I 
FRACTIONATION OF NEOPRENE TyPE GN 
Weight 


Fraction (g.) Gea Ma Be [nl k’ 
Whole (49.0) (100) 114,000 2.14 1.07 0.43 
A 3.02° 6.5 959,000 1.71 2.88 .92 
B 4.56° 9.8 488,000 1.68 2.38 65 
C 4.13% 8.9 387,000 1.36 1.65 .62 
D 6.33 13.6 322,000 1.61 1.56 48 
E 4.71 10.1 190,000 1.55 1.05 44 
F 3.69 7.9 152,000 1.73 0.93 .ol 
G 2.56 5.5 127,000 1.70 .80 .30 
H 1.92 4.1 121,000 1.90 .82 47 
I 1.65 3.6 103,000 2.05 .69 44 
J 2.27 4.9 100,000 2.29 .62 45 
K 1.65 3.6 86,400 2.05 .56 43 
L 1.75 3.8 83,000 1.80 54 .30 
M 0.70 1.5 52,000 1.95 49 38 
N 1.78 3.8 42,000 1.76 .36 48 
O 2.64 5.7 34,500 2.10 .30 AT 
P 2.10 4.5 20,500 2.31 .20 40 
Q 1.02 2.2 8 ai .04(?) 


@ Percentage of the total isolated in the fractions. 
> Calculated weight; see procedure. / 
¢ Slope term of the osmotic pressure relationship. 


Note in Table I that, although the number average molecular weight of the 
whole polymer was 114,000, there was present a broad range of molecular 
species, from 959,000 to less than 20,500 molecular weight. This range, of 
course, would be widened by any degradation which occurred in the period of 
almost four weeks which elapsed between the precipitation of fraction A and 
isolation of the final fraction. However, the calculated number average of the 
molecular weights of the individual fractions was 105,000 compared with 
114,000 for the original polymer indicating that degradation had not been 
extensive. 

In Figure 3 is plotted the molecular weight of each fraction as a part of the 
whole polymer and from the smoothed curve there is calculated the differential 
molecular weight distribution given in Figure 4. This illustrates very well the 
broad range of molecular weights and shows that the polymer species most 
abundant are those having molecular weights of about 100,000. The extension 
of the Neoprene distribution curve at the high molecular weight end suggests 
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that there is at present some soluble branched and/or cross-linked material, 
since it has been shown” that 10-100 p.p.m. of a cross-linking agent (diisopro- 
phenyldiphenyl) in polystyrene gave completely soluble polymers but altered 
the shape of the distribution curve and markedly increased the length of the 
high molecular weight end as the concentration of cross-linking agent was 
increased from 10 to 100 p.p.m. 
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Fia. 3.—Integral molecular weight distribution for Neoprene Type GN. 
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Fig. 4.—Differential molecular-weight distribution for Neoprene Type GN. 


Decreasing complexity of the fractions as the molecular weight decreases is 
indicated by the highly significant (probability of occurrence by chance alone. 
is less than 1 in 100) decrease in k’ of the viscosity equation (1) from 0.93 for 
fraction A to 0.406 as an average for fractions D to P. This constant is said 
to be a characteristic of any given solute-sulvent system and is independent of 
molecular weight’. From studies in this laboratory it appears that k’ is 
larger for complex molecules in a given homologous series than for simple, 
i.e., linear ones. The greater-than-average values of k’ for fractions A, B, and 
C indicate that approximately 25.2 per cent of the Neoprene is branched and 
(or) cross-linked appreciably more than the major portion of the polymer. 
This corresponds to 5.4 per cent of the molecules by number. The major 
portion of the polymer appears to be uniform in structure, at least within 
experimental error. 
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This increase of k’ with polymer chain complexity is indicated also by the 
work of others. For example, Speiser and Whittenberger'® showed that k’ was 
higher (1.47) for the branched structure, amylopectin, than for the unbranched 
molecule, amylose (k’ = 0.58). Also Morrison, Holmes and MeIntosh!* found 
that k’ of solutions of polyvinyl acetate in bis-(2-chloroethyl) ether containing 
small amounts of ferric chloride increased as the viscosity increased and the 
solution gelled, indicating branching and cross-linking reactions, but in the 
presence of air the viscosity decreased, indicating chain scission, while k’ re- 
mained constant. Furthermore, Spurlin, Martin and Tennent!’ demonstrated 
that k’ is greatest for solutions where the solvents are poorest. Similarly, a 
givén liquid would be a poorer solvent for cross-linked molecules than for 
linear molecules of the same species. The present investigation has shown 
that k’ for polychloroprene solutions is not increased by heterogeneity of 
molecular species'*, as was reported for polystyrene in toluene'®. The whole 
polymer had a lower k’ than several of the fractions and k’ was not raised by 
mixing two fractions together, e.g., two fractions having respective [ny] and k’ 
values of 1.56-0.60 and 0.60—0.40, when mixed in approximately equal parts, 
gave [n] = 0.99 and k’ = 0.43. Unfortunately the error in k’, particularly 
at low intrinsic viscosity, is frequently quite large, depending in calculation as 
it does on the square of the intrinsic viscosity. 

The same change in complexity of the fractions is suggested by the change 
in the slope term B of the osmotic pressure relationship”: 


. a ’ _ RT dA 
ee + Bc, where B = Mae 


c 
c is the solute concentration, M, and M; are the molecular weights, and d, and 
dz the densities of the solvent and solute, respectively. The constant yu, which 
depends on the entropy and heat of mixing for each solvent-solute combina- 
tion, approaches the value 0.5 for poor solvents, causing B to approach zero. 
Thus the somewhat lower values of B for early fractions indicate poor solu- 
tions, as would be expected if there were present branched and (or) cross- 
linked polymers, but it is recognized that the variations in B may be influenced 
also by the different molecular weights of the fractions. 

The intrinsic viscosities of Neoprene Type GN fractions ranged from 2.88 
to 0.20, as noted in Table I. The calculated weight average of the individual 
values was 1.18, which is not as close to the observed value, 1.07, for the whole 
polymer as would be desired. There is apparently an error in the value for 
fraction G or H, since the viscosity would be expected to decrease in going 
from G to H. The discrepancies, however, are not large enough to nullify 
the general conclusions drawn in this paper. 

The intrinsic viscosity is a measure of the viscosity average molecular 
weight, which approaches the weight average value fairly closely for most 
polymers, whereas the osmotic pressure determination measures the number 
average molecular weight. These relationships can be indicated as follows”: 
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Of course, if a polymer is homogeneous, 2.e., all molecules are of the same size, 
these averages all reduce to the same value. Consequently by assuming that 
the Neoprene fractions were reasonably homogeneous, it was possible to cali- 
brate the viscosity-molecular weight relationship against the osmotic pressure 
determinations. The only check on homogeneity of the Neoprene fractions 
was obtained on a fraction from a later, similar, careful fractionation, where 
the osmotic molecular weights (M,) of 186,000 and 190,000 in duplicate deter- 
minations were, within experimental error, the same as those (My), 192,000 
and 193,000, obtained by light scattering. The excellence of this agreement 
was probably fortuitous, but the results demonstrate that the fraction was 
essentially homogeneous. 
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Fia. 5.—Log Mn vs. log [n] for Neoprene Type GN fractions. 


The values of M, and [n] for fractions A to P are plotted on a log-log 
scale in Figure 5. The calculated best straight line is seen to account fairly 
well for the majority of the experimental points. The equation of this line is 
log M = 5.2466 + 1.367 log [n] or M = 1.76 X 105[m]'-57, which can be re- 
arranged into the usual form: [ny] = KM, where K = 1.46 X 10-4 and 
a = 0.73. A duplicate fractionation of only six fractions gave the equation: 
(n] = 1.26 X 10-4 M®-75, This expression confirms the one above within ex- 
perimental error but is less accurate because of the fewer fractions and conse- 
quent lower homogeneity of the fractions. It is of interest to note that the 
exponent a has a higher value than the 0.66 reported for GR-S” and the 0.67 
reported for natural rubber’, indicating that polychloroprene chains are some- 
what stiffer than those of GR-S or rubber. 

Using the data of Table I the weight average and viscosity average molecu- 
lar weights can be calculated by the above formulas: 


My = 257,000 


M, = 233,000 
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The ratio My/My = 0.91 indicates that the viscosity average approaches the 
weight average reasonably closely. From M,y/M, = 2.25 the Lansing and 
Kraemer* nonuniformity coefficient was obtained: 6 = 1.27. This value 
shows that Neoprene Type GN is less homogeneous than sol natural rubber 
(8 = 0.7)** but is more homogeneous than GR-S, as indicated by B = 1.60, 
calculated from the data of French and Ewart”. 

A comparison of distribution curves calculated from the nonuniformity 
coefficients by means of the logarithmic function of Lansing and Kraemer* 
is given in Figure 6°. The Neoprene molecular weight distribution curve is 
unlike that of sol natural rubber, both in shape and in the molecular weights 
of the most abundant species, and this undoubtedly accounts for some of the 
differences in physical properties of these rubbers. Natural rubber sol appears 
to have a somewhat narrower distribution of molecular weights and a more 
nearly symmetrical curve, with a broad maximum at M = 2-300,000. Note, 
however, that natural rubber peptized with phenylhydrazine** exhibits a dis- 
tribution curve which in shape is more like that of Neoprene Type GN, although 
it does not extend to as high molecular weight as the latter. From the data 
available it would appear that the distribution curve for GR-S is similar to 
that of Neoprene Type GN in shape but that the peak occurs at somewhat 
lower molecular weight. 
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Fic. 6.—Comparison of molecular-weight distribution curves for Neoprene Type GN, 
natural-rubber sol and a peptized natural rubber. 


It is to be noted that the experimental distribution curve for Neoprene 
exhibits a positive skewness and is fairly well represented by the normal 
logarithmic distribution of Lansing and Kraemer (see Figure 4). Attempts 
to apply a two parameter distribution function?’ of the Schulz type to these 
data have not given particularly consistent results. The Lansing-Kraemer 
logarithmic distribution is considered a better representation of the data for 
Neoprene Type GN within the experimental errors of fractionations and 
molecular weight determinations. 
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SUMMARY 


Polychloroprene rubber (Neoprene Type GN) was fractionated by partial 
precipitation from dilute solution in benzene and the fractions were examined 
both osmotically and viscometrically in benzene solutions. 

The molecular-weight distribution curve for Neoprene Type GN based on 
osmotic pressure measurements shows a pronounced maximum at 100,000, but 
has a long extension to molecular weights of over one million, indicating the 
presence of branched or cross-linked material which is still soluble. The uni- _ 
formity is somewhat less than that of sol natural rubber, while in shape the 
Neoprene distribution curve resembles more closely that of peptized natural 
rubber than fresh sol rubber. 

Observed variations in the slopes of the m/c vs. c and the ns)/c vs. c curves 
also indicate the presence in solution of complex, branched and (or) cross- 
linked molecules. 

Calibration of the intrinsic viscosity-molecular weight relationship by 
osmotic pressure measurements gave good agreement with the equation: 
[n] = KM, where K = 1.46 X 10 and a = 0.73. 
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HAVE MECHANICAL STRESSES ANY EFFECT ON 
THE OXIDIZABILITY OF RUBBER? * 


JEAN LE Bras AND ANDRE SALVETTI 


InstTiITuT FRANCAIS pu CaouTcuouc, 42 Rue Scuerrer, Paris, FRANCE 


In many cases during service, rubber products are subjected to repeated 
mechanical stresses, and the resulting fatigue is manifest in the formation of 
cracks which are prejudicial to the performance of such products. The impor- 
tance of this problem has led to numerous investigations, and several types of 
apparatus have been developed for studying in the laboratory the mechanism 
of this phenomenon and the factors which influence it, and for making possible 
the systematic control testing of rubber mixtures during the manufacture of 
products to be subjected to repeated flexing. 

Without attempting to survey completely the literature on this subject, 
it seems advisable to recall some of the important observations which have 
been made in connection with this problem. In 1929 Nellen' reported that 
certain antioxygenic agents, the nature of which he did not reveal, increase 
the resistance of pneumatic tires to flex-cracking; however, not all antioxygenic 
agents have this protective action, and their efficacy is not, therefore, related 
to their antioxygenic power. Later, Jones and Craig? confirmed the pro- 
nounced retarding effect of antioxygenic agents, notably that of phenyl-6- 
naphthylamine on the formation of cracks. In 1931 Neal and Northam‘ 
published the results of an important experimental investigation of the influ- 
ences which play a part in this phenomenon. They showed that a sample of 
rubber containing no antioxygenic agent resisted five times as many flexings 
in nitrogen as in air, and that the presence of such an agent (phenyl-8-naphthy!- 
amine was used) made no difference in the behavior in nitrogen but doubled 
the span of life in air. From this, Neal and Northam concluded that oxidation 
rather than mechanical fatigue is the determinant factor. In addition to this, 
they studied the possible influence of ozone, but did not succeed in finding any 
evidence of its formation, with the limitation, however, that under the par- 
ticular conditions of their tests, it could have been that the rate of flexing was 
too low or that the electrostatic charge developed by the work of flexing became 
dissipated before any ozone was produced. Neal and Northam add that, 
since antioxygenic substances do not protect against ozone, they should not be 
expected to have any beneficial effect if ozone is formed during flexing. 

A little later, Crawford‘ investigated the behavior of mixtures, with and 
without antioxygenic agents, during flexing. In this case unaged vulcanizates 
and the same vulcanizates which had been aged in an oxygen bomb or in an 
air oven were tested. Crawford proved that, as a general rule, the aged 
samples withstood a smaller number of flexings; on the other hand, antioxygenic 
substances functioned in very different ways; for example, phenyl-8-naphthy!l- 
amine had a very marked protective effect after aging in the air oven; but, on 
the whole, the differences did not bear any relation to the antioxygenic power 
of the various agents. 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol. 
26, No. 1, pages 10-14, January 1949. 
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In an important work on the fatigue of rubber, Naunton and Waring® 
showed that the physical degradation brought about by repeated deformations 
is explainable by two effects: an acceleration of oxidation as a result of heat 
evolved by flexing and a true fatigue associated with the crystalline structure 
of the rubber. They point out further that synthetic elastomers, the resistance 
to oxidation of which is better than that of natural rubber, are correspondingly 
more resistant to flex-cracking. With further reference to synthetic elastomers, 
Winn and Shelton® studied GR-S, and found on the one hand that the resistance 
to flexing is greater if flexing is carried out in an atmosphere of nitrogen con- 
taining only a little oxygen; and, on the other hand, that phenyl-@-naphthyl- 
amine has no protective effect. 

However, after all is said and done, the most significant experiments are 
unquestionably those of Eccher’, who, in attempts to find out whether or not 
ozone is formed, was able by two different methods to prove its formation. 
The first was a direct proof, whereby tetramethyldiaminodiphenylmethane 
(which turns yellow on exposure to ozone) was added to a base mixture; in this 
case the resulting vulcanizate showed a definite yellowing after twenty-four 
hours of flexing. The second was an indirect proof, and demonstrated the 
importance of the electrostatic factor, for it was found that samples showed 
much better resistance to flexing when the flexing machine was insulated than 
when it was grounded. This explains with certainty the similarity between 
cracks formed by flexing and those produced by ozone or atmospheric agents. 
This phenomenon has been the subject recently of thorough investigation by 
Newton’ and by Crabtree and Kemp’. 

From the various observations which have been reported in the literature, 
it is possible to draw the following conclusions. 


(1) Ozone is the cause of the appearance of cracks formed during flexing. 

(2) Oxidation plays an indirect role in the phenomenon, since, as was shown 
by Crawford, resistance to flexing is poorer after aging than before. From 
this it may be assumed that the change in physical state of rubber during 
aging increases its tendency to crack. 

(3) The action of ozone is probably localized at the points of maximum 
tension, where the work of flexing increases the temperature considerably. It is 
conceivable that certain antioxygenic agents, which at the same time are also 
“antiheat”’ agents, are capable of retarding oxidation at these local points and, 
as a consequence of what has been said in the preceding section, retard the 
appearance of cracking by ozone. 


However, it can be asked if the mechanical work applied to rubber increases 
its tendency to oxidize only because of the resultant heating or if mechanical 
work has an effect on the tendency to oxidize as such. This is a point on which 
we now wish to offer some additional facts. 

Let us, however, first call attention to some experiments of Somerville, 
Ball and Cope", this time in the field of static stress. These investigators 
compared the aging of various rubber mixtures by stretching samples to fixed 
elongations up to 100 per cent. By measuring the tensile strengths after 
twelve days in a Geer oven, they proved that the greater the elongation, the 
lower was the tensile strength; e.g., the deterioration was about 30 per cent 
greater at an elongation of 100 per cent than it was in the unstretched state. 
On the contrary, after twenty-four hours in a Bierer-Davis bomb, there were 
no significant differences. But when the same vulcanizates contained anti- 
oxygenic agents, the results were the same in the two cases. These differences 











692 RUBBER CHEMISTRY AND TECHNOLOGY 


in behavior according to the method of aging are rather difficult to explain, 
and the authors limit themselves merely to pointing out the facts, and offer no 
comments. 

It was, consequently, of interest to determine by some direct method 
whether stressing a vulcanizate changes its oxidizability. Although the results 
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of the present investigation show that the rates of oxidation of vulcanizates | 


are not influenced to any appreciable degree by mechanical strains to which 
they are subjected, it still appears of interest to describe in detail the experi- 
mental technique employed. 


OXIDATION AT CONSTANT ELONGATION 


The test-specimens employed were small strips of cross-section 2 mm. on a 
side, and 5 cm. long. The ends of eight of these test-strips were fastened, by 
means of cotton thread, on two small glass cones. The desired elongation was 
then obtained by separating the two cones in fixed position by a glass rod, 
of correct length, the ends of which were inserted within the glass cones (see 
Figure 1). 







3 test-specimens Glass rod 


Glasscone Fastening 


Manometric tube pl 


Fig. 1. 


This assembly was then placed in a crystal glass ampoule, the end of which 
was then sealed by a blowpipe. The ampoule was connected to a manometric 
apparatus similar to that described by Moureu and Dufraisse"’. 

The system was filled with oxygen, the ampoules were placed in a thermo- 
stat, and the ascent of the mercury column in the manometric tube was recorded 
as a function of time. 

The rubber samples were prepared from a mixture of the following com- 
position: 


Smoked sheet rubber 100 
Sulfur 3 
Mercaptobenzothiazole 1 
Stearic acid 1 
Zinc oxide 5 


which was vulcanized for 20 minutes at 143° C. 

Although samples were tested at elongations of zero to 400 per cent, no 
significant differences between the rates of oxidation at different elongations 
could be detected, and it was observed only that, the higher the elongation, 
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the shorter was the time for the samples to rupture during the test. Rupture 
took place at the moment when, as a result of oxidation, the tensile strength 
became less than the stress in the stretched sample. At about 400 per cent 
elongation, rupture occurred immediately after raising the temperature. This 
can be explained by the fact that the stress necessary to maintain the particular 
elongation increased considerably with rise in temperature; e.g., at 80° C the 
elongation at rupture must have been only a little greater than 400 per cent. 

It was observed, however, that, as a result of relaxation phenomena, the 
tensile stresses decreased rapidly. At the moment of rupture the samples 
showed a permanent elongation which depended on the state of oxidation, 
i.e., the more advanced was this state of oxidation, the closer was the perma- 
nent elongation to the elongation under tension. 

Table I gives the results of one experiment carried out at 80° C. 


TABLE I 
Percentage clongation 0 25 50 75 100 200 300 400 
Percentage by weight of 
oxygen absorbed* 
5 hours 0.04 0.03 0.05 0.04 0.04 0.045 0.05 0.04 
9 hours 0.08 0.075 0.08 0.085 0.08 0.025 0.09 ~~ 
24 hours 0.18 0.17 0.175 0.18 0.19 0.18 a 
100 hours 0.49 0.45 0.475 0.48 0.46 —— 


* The underscored values represent the moments of rupture of the samples. 


It is obvious from Table I that, within the experimental errors, the rates 
of oxidation were the same, irrespective of the elongation. A change in oxi- 
dizability does not, therefore, explain the differences observed by Somerville, 
Ball, and Cope”, but it may be that these differences are attributable to a 
change in the surface of contact with air, since diffusion of oxygen into a sample 
is certainly less rapid in the Geer oven than under the high pressure of the 
oxygen bomb. Moreover, the technique adopted was to place Schopper test- 
rings on dises of different diameters so as to form a stepped cone and thus to 
make the inside surface of the rings in contact with the steel. It may, there- 
fore, be questioned whether the same differences would be detected if dumbbell 
test-specimens had been used". 


REPEATED CYCLES OF FLEXING OR ELONGATION 


The manometric measurement of the oxidation a test-specimen subjected 
to repeated flexing or elongation involves serious experimental difficulties, 
notably the following. 


(1) The difficulty of keeping in motion a sample in an enclosed space which 
communicates with the outside solely by the manometric liquid (mercury 
or oil). 

(2) The heat developed by stressing the rubber, which vitiates measure- 
ments of the pressure or volume of the gas. 

(3) The necessity for the time consumed in making an experiment not to 
be prohibitively long, and to operate at an elevated temperature (70° to 100° C), 
at which the mechanical properties of the vulcanizate (e.g., its tensile strength 
and its resistance to tearing) are considerably reduced, while the tensile stress 
is increased notably. As a result, the test-specimens break rapidly. 
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REPEATED FLEXINGS 


The oxidation chamber was a round-bottom crystal-glass flask of 100-cc. 
capacity, the neck of which was connected directly to a small tube serving as 
the manometer (see Figure 2). 

During a test, the flask was enclosed in an air thermostat. The device 
which carried the samples was assembled in the following way. 





Test-specimen 











L— Thermometer 


Solenoid 














Cazzaa ae 





4t— Tron filings 


‘ Manometrictube 


Fia. 2. 




















The test-specimens, cut out from a sheet 2 mm. thick, were of approxi- 
mately rectangular form, 1 em. X 7 cm. Three of these strips were fastened 
near one end around the bulb of a small thermometer. At a distance of about 
4 em. from this fixed end, the test-specimens were fastened in the same way to 
the end of a glass tube sliding freely on the stem of the thermometer. The 
other end of the tube carried a cylindrical ampoule filled with iron filings. 

This assembly was placed in the round flask. The free ends of the test 
specimens served as shock-absorbers which absorbed any impacts against the 
flask, and, by spreading apart, maintained the assembly in its proper place in 
the flask. 
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The flexings were brought about by exciting the core of iron filings by the 
electric field of a solenoid surrounding the neck of the flask. 

By this method and with the use of a current interrupter made up of a 
rotating jet of mercury falling on the fixed iron electrodes, it was possible to 
maintain up to ten flexings per second. 

Unfortunately, under these conditions, the heating effect in the rubber 
resulting from flexing and friction was of the order of 5 per cent, and this 
vitiated the manometric measurements by increasing the rate of oxidation. 
It seemed advisable, therefore, to compare the oxidation under static conditions 
with that under dynamic conditions. Furthermore, the method of flexing 
affected the test-specimens only locally, t.e., near the maximum curvature of 
the bent part of each test-specimen. The rest of the test-specimen was sub- 
jected to practically no work. One would, therefore, expect this method to be 
less sensitive, and, as a matter of fact, the acceleration of the rate of oxidation 
which was observed in the experiments was the result simply of the rise in 
temperature of the test-specimens. 

In view of this, it appeared necessary on the one hand to subject the entire 
test-specimen to work, and, on the other hand, that the deformations be suffi- 
ciently slow to avoid any heat effect. It was attempted to fulfill these condi- 
tions by abandoning the flexing method with repeated stresses and adopting a 
slower rhythm, viz., ten cycles per minute. 


REPEATED STRESSING 


To carry out elongation cycles at amplitudes up to 100 per cent, it was 
necessary to stretch the rubber by means of a mechanical driving mechanism 
located outside of the oxidation chamber. The apparatus, shown in schematic 
form in Figure 3, included a test chamber with a double-walled jacket J, which 
acted as a thermostat by means of circulation of hot water. 

The lower part of the chamber was immersed in a cell containing mercury. 
The mercury ascended in the chamber to a level which could be maintained 
strictly constant by means of a control comprising a luminous signal ~ acti- 
vated by electric contact E. The chamber was connected to a sensitive cap- 
illary manometer (with oil) M. The test-specimen, comprising a ring 5 em. 
in diameter, was suspended to a hook on a glass bracket P, fixed on base K, 
which was itself located at the bottom of the mercury cell. The composition 
of the test-specimen was the same as that described for the static tests. 

The rubber ring was stretched by pulling toward the bottom by a glass 
hook of S form attached to a traction cord by a stainless steel wire having a 
diameter of a few tenths of a millimeter. This steel wire had a double role: 
first, in virtue of its very small cross-section, the volume of the chamber 
remained practically unchanged when the wire travelled progressively farther 
down into the mercury, and, secondly, it prevented entry of air, which would 
have led to almost fatal results if the cotton cable emerged from the mercury 
(cotton is not wet by mercury and so air from the outside would enter by 
passing through among the strands). The cable cord passed over a small iron 
pulley which was fixed to the bottom and turned in the mercury; at this end 
too it was attached to steel wire which led out into the air outside and was 
fastened to a crank pin on an eccentric with radial adjustment. This device 
made it possible to obtain various amplitudes of stretching and, in addition, 
to change easily the original tension of the ring test-specimen. 
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OPERATING TECHNIQUE 


The operating technique was very simple. After having placed the rubber 
ring on the hooks, the glass “‘bell jar’ was set in place; then the chamber was 
swept out by a currect of oxygen (admitted through tube O and thence through 
stopcock R, from which it bubbled into the mercury). 

When the temperature had reached equilibrium, the pressure in the chamber 
was adjusted by tube O until the luminous signal lighted up, and then the 
chamber and oil manometer M were connected by turning R. With the aid 
of siphon V, a little mercury was then cautiously removed until the light went 
out. Finally, after having adjusted the mercury level in this manner, manom- 
eter readings were taken. 


RESULTS 


To eliminate to as great an extent as possible all factors which might intro- 
duce errors, é.g., measurement of the volume of the chamber, weight of the 
test-specimen, and temperature, any or all of which might easily mask any 
differences in the rate of oxidation, which, judged by the preliminary experi- 
ments reported above, were very small—it seemed preferable to compare 
the static oxidation and dynamic oxidation of the same test-specimen. 

Oxidation was allowed to start without stretching the test-specimen; then, 
at the end of several hours, the cycles of stretching and recovery were started 
and were continued until the test-specimen ruptured. The measurements 
were continued for several more hours. It is obvious that, under these condi- 
tions, a difference in the rate of oxidation would be reflected in a change in 
slope of the curve of the absorption of oxygen as a function of time. However, 
as is evident from the example represented in Figure 4, no such change took 
place. It may, therefore, be concluded that, at least up to 100 per cent 
elongation, the tendency of rubber to oxidize was not altered by continued 
traction and retraction. 

CONCLUSIONS 


Subjection of rubber to mechanical stresses, whether static or dynamic, 
does not change its inherent oxidizability, at least within the limits of stress 
which were applied in the experiments described. Perhaps changes would 
have been observed if the range of stresses had been reached where crystalliza- 
tion phenomena became pronounced, for sufficient distortion or change in 
molecular state might have a certain influence on the oxidizability. For 
example, Williams and Dale”, in a study of infrared absorption by rubber, 
pointed out that linear extensions greater than 400 per cent are necessary to 
bring about any appreciable increase in the vibration frequency of the C—C 
groups. However, the elongations employed in the present work cover, in 
general, the range of deformations to which vulcanized rubber products are 
normally subjected in service; hence there seemed to be no advantage in 
attempting to carry out the tests under more severe conditions. 

From another point of view, it would appear of interest to record the 
following observation. In all the oxidation tests under dynamic conditions, 
the test-specimens broke either by being cut through near the points where 
they were fastened, at random points where rupture began, or when the tensile 
strength was lowered too much by oxidation; but in no case was actual flex- 
cracking observed. Although this is only negative evidence, the view of 
Eecher? that ozone is indispensable to the formation of cracking would appear 
to be confirmed. 
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AGING OF ELASTOMERS 


COMPARISON OF CREEP WITH SOME CONVENTIONAL 
AGING METHODS * 


M. C. THRODAHL 


Monsanto CuEemicaL Company, Nitro, W. Va. 


Subjection of elastomers to mechanical stresses results in unusually com- 
plicated behavior. Recent theoretical researches' have shown that this be- 
havior cannot be described satisfactorily by either of the classical theories of 
elasticity or viscosity. The general molecular theories which describe the 
behavior of elastomers? have experimental verification manifested by three 
regions of temperature-stress relationship: (1) a low temperature region in 
which stiffening is observed, due to the stability of secondary bonds between 
network chains, (2) an intermediate temperature region in which the secondary 
bonds are so unstable that complete relaxation occurs before measurements can 
be obtained; the scission of primary valence bonds is occurring at such a slow 
rate that no measurable effects are obtained during the course of the usual 
laboratory experiment; and (3) a high temperature region in which the relaxa- 
tion of stress with time is associated with a chemical reaction which, through 
breaking of primary-valence bonds in the network, severs the chains rapidly 
enough to be measured during the course of usual laboratory experiments. 
The high temperature region is that in which elastomers soften and (or) harden 
and finally lose their rubbery characteristics. Oxygen has been shown to be 
necessary for the chain-scission reaction. Several papers have described this 
fundamental experimental technique for the stress-relaxation® and creep‘ of 
different elastomers. 

Well known laboratory methods for artificially aging elastomers in oxygen 
and air bombs and in circulating air atmosphere have selected conditions some- 
what arbitrarily. In exploratory searches for promising compounds to be used 
as antioxidants in elastomers and in the evaluation of well known antioxidants, 
it has often been found that the conventional methods of aging do not differ- 
entiate among several antioxidants. It is the purpose of this paper to describe 
an application of the previously described creep technique as a convenient and 
precise means of studying the relative performance of antioxidants and accel- 
erators in Hevea and GR-S rubbers. 


EXPERIMENTAL 


A creep apparatus similar to that used by Andrews, Mesrobian and Tobol- 
sky® was designed and built for operation in a constant temperature oven 
(Figure 1). Ring specimens (1.875 outside diameter X 1.50 inches inside 
diameter) were cut from vulcanized sheets of the elastomer 0.025 to 0.030 inch 
thick. Each load was adjusted to give equal tensile stress on all stocks— 


- mene from Industrial and Engineering Chemistry, Vol. 40, No. 11, pages 2180-2184, November 


1948. This paper was presented before the Division of Rubber Chemistry of the American Chemical 
Society at its semiannual meeting, Cleveland, Ohio, May 26-28, 1947. 
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Fic. 1.—Creep apparatus. 


usually 30 pounds per square inch. Creep readings were taken at hourly 
increments until the test was stopped. 

Aging in the air bomb was carried out at 121° C at 80 pounds per square 
inch air pressure or at 135° C at 60 pounds per square inch air pressure. Aging 
in the circulating oven was carried out at the temperatures designated. 

All stocks shown in Table I were mixed and vulcanized according to con- 
ventional laboratory practices. 

Stress relaxation data shown in Tables II and‘ III and the continuous creep 
data of Figures 2 to 6 were obtained from vulcanized specimens prepared from 
the same compounded mix. The author is indebted to O. D. Cole of the 
Chemical and Physical Research Laboratories, Firestone Tire & Rubber Com- 
pany, for these data. Method and apparatus used were those described by 
Tobolsky, Prettyman, and Dillon®, 


TABLE I 
BasE ForRMULAS 


Hevea stocks 
= 





GR-S tread 
stock 


Composition ‘Carcass High pigment 


Elastomer 100.0 100.0 
EPC black ais jee 

Zinc oxide 30.0 60.0 
Lithopone fit 20.0 
Softener 0 re 

Sulfur F 2.0 
Stearic acid : ake 

Paraffin ae 2 
Accelerator ! 5 
Antioxidant : 0 


5 
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TABLE II 
: ConTINUOUS STRESS RELAXATION, ANTIOXIDANT-ACCELERATOR SERIES 
i Stress Per cent of 0.005-hr. stress 
(Ib./sq. in.) RSET = 
ii Antioxidant at 0.005 hr. At 0.1 hr. At 1 hr. At 3 hr. 
: 0.3% Ureka-C + 0.4% Guantal acceleration 
! 1 111.4 79.0 36.4 13.8 
2 115.8 81.1 35.4 9.0 
3 112.1 74.8 28.9 5.6 
4 118.8 75.1 30.1 5.6 
None 107.1 68.2 19.6 2.0 
0.7% Santocure acceleration 
1 90.5 83.9 45.8 27.6 
2 102.2 87.1 50.3 27.2 
3 92.5 78.0 34.4 15.0 
4 87.2 76.2 28.7 10.0 
None 81.4 74.2 24.6 1.0 
0.7% Thiofide acceleration 
1 106.5 83.6 47.5 28.5 
2 110.1 85.3 50.0 30.4 
3 94.0 80.3 37.4 17.0 
4 98.6 80.2 35.6 13.8 
None 92.2 75.2 27.4 9.7 
TABLE III 
INTERMITTENT STRESS RELAXATION, ANTIOXIDANT-ACCELERATOR SERIES 
Stress Per cent of 0.1-hr. stress 
(Ib./sq. in.) r A ~ 
ly Antioxidant at 0.1 hr. At 1 hr. At 3 hr. At 8 hr. 
, 0.3% Ureka-C + 0.4% Guantal acceleration 
re 1 114.8 99.4 82.6 32.2 
wt 2 120.2 96.8 72.6 27.3 
8 3 112.6 94.9 62.0 7.2 
4 122.0 89.4 57.8 5.7 
n- None 102.1 79.2 35.0 iets 
0.7% Santocure acceleration 
‘p l 97.5 109.2 113.4 111.8 
m 2 101.8 101.5 104.4 103.8 
e 3 94.6 103.8 92.0 64.1 
. 4 84.0 100.0 82.4 47.4 
None 84.7 88.2 64.0 27.2 
y 0.7% Thiofide acceleration 
1 104.0 108.9 111.4 107.1 
3 114.4 103.2 109.0 107.4 
3 100.2 102.2 91.0 59.8 
4 101.4 97.9 84.4 53.2 
None 87.2 91.2 73.6 42.9 


Tobolsky and Andrews’ plotted the creep and stress relaxation from the 
following equation (which was derived from theoretical considerations of the 
statistical theory of elasticity of rubberlike materials): 
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= fraction of original stress at time ¢ 


length at time ¢ 
initial length 
unstretched length 


so that both might have the same significance , vhen plotted on the same set 


of axes. 


s/so was plotted arithmetically against ¢ logarithmically. As the 
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Fia. 2.—Continuous creep curves for carcass type stock, antioxidant 1. 
60-minute cure. Accelerators: @ Ureka C-Guantal, O Thiofide, @ Santocure. 
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Fie. 3.—Continuous creep curves for carcass type stock, antioxidant 3. 
60-minute cure. Accelerators: @ Ureka C-Guantal, O Thiofide, @ Santocure. 
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Fig. 4.—Continuous creep curves for carcass type stock, antioxidant 4. 
60-minute cure. Accelerators: @ Ureka C-Guantal, O Thiofide, @ Santocure. 


data in this paper were comparative, the creep plots were made on an arith- 
metic scale with the percentage creep vs. time. 


DISCUSSION OF RESULTS 


Figures 2 to 5 show continuous creep curves obtained with specimens pre- 
pared from Hevea carcass stocks containing combinations of three types of 
antioxidants and three types of accelerators. Different creep rates were ob- 
served with each accelerator, but the relationship between antioxidants was 
the same, irrespective of the accelerator used. The Santocure (cyclohexyl-2- 
benzothiazolesulfenamide) stocks had the slowest creep rate, followed by 
Thiofide (2,2’-benzothiazoyl disulfide) and Ureka-C (benzoyl-2-benzothiazoyl 
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Fia. 5.—Continuous creep curves for carcass type stock, control (no antioxidant). 
60-minute cure. Accelerators: @ Ureka C-Guantal, O Thiofide, @ Santocure. 
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Fic. 6.—Continuous creep curves for carcass type stock, @ antioxidant No. 1, A No. 2, 
@ No. 3, @ No. 4, O none. 
60-minute cure. Santocure accelerator. 
sulfide)-Guantal (diphenyl-guanidine phthalate) stocks in that order. The 
creep plot of Figure 6 when compared with the data obtained from air pressure 
aging shown in Table IV indicates the former to be more precise and con- 
sistent. Greater significant differences were observed with the creep data. 
TABLE IV 
Per CENT RETENTION OF TENSILE STRENGTH OF HEVEA CARCASS STOCKS AFTER 
I-xposuRE TO ArR-Boms AGING, 60-MinuTE CuREs 
Aged at 135° C Aged at 121°C 
sa (60 Ib./sq. in.) (80 Ib. D. /ea. i in. n.) 
Anti- r A . 
oxidant 1 hr. 2 hr. 3 hr. 4 hr. 6 hr. 9 “i 12 hr. 
0.3% Ureka-C + 0.4% Guantal acceleration 
1 100 86 45 21 86 44 11 
2 90 83 35 16 70 50 5 
3 85 68 28 5 69 48 10 
4 92 67 15 4 59 30 8 
None 83 12 5 4 33 9 3 
0.7% Santocure acceleration 
1 109 89 81 30 72 67 59 
2 95 64 57 16 a1 63 47 
3 92 55 38 27 70 64 49 
4 90 46 40 8 53 49 23 
None 60 51 33 4 38 36 11 
0.7% Thiofide acceleration , 
1 93 88 85 59 72 66 41 , 
2 112 105 76 45 68 65 57 d 
3 98 94 56 24 77 65 66 r 
4 104 83 42 12 63 60 44 


None 92 16 4 4 42 24 10 
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Few significant differences between antioxidants shown in Table IV were 
observed at the 121° C aging temperature in the air bomb. However, a rough 
approximation existed between creep rate and aging at 135°C. Creep data 
indicated that a definite difference between antioxidants was significantly 
measurable, although the air-bomb aging results did not agree with creep for 
antioxidant 2. 
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Fia. 7.—Continuous creep curves for Hevea tread stock, antioxidant 3. 


60-minute cure. © Thiotax, A Thiofide-Guantal, @ Santocure, XA-32, 
— Ureka C-Guantal, | El Sixty-A-10. 
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Fig. 8.—Continuous creep curves for Hevea tread stock, antioxidant 3. 


90-minute cure. © Thiotax, A Thiofide-Guantal, @ Santocure, XA-32, 
— Ureka C-Guantal, | El Sixty-A-10. 


A fundamental relationship between creep and stress relaxation which has 
been established’ is shown by comparison of data from Tables II and III with 
data of Figures 2 to 6. By either method—creep or stress relaxation—the 
rating of the antioxidant is the same. 

The creep data of Hevea tread stocks of Figures 7 to 9 compare more closely 
with the conventional air bomb aging data of Table V than any of the pre- 
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Fic. 9.—Continuous creep curves for Hevea tread stock, antioxidant 3. 
Accelerators: @ A-32, O Ureka C-Guantal. 
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ceding comparisons. These data show the pronounced influence of the type of 
accelerator on the creep rate. 

Comparison of the conventional air bomb and circulating air-oven aging 
data of Tables VI and VII with the respective continuous creep curves of 
Figures 10 and 11 indicate the latter to be more sensitive in both Hevea high- 


TABLE V 


PERCENTAGE RETENTION OF TENSILE STRENGTH OF HEVEA TREAD STOCKS AFTER 
ExposurE To Arr-Boms AGING, ANTIOXIDANT 3 


Accelerator Cure 6 hours 9 hours 
Thiotax (1.0%) 60 86 75 
90 80 66 
120 72 57 
Thiofide (0.75%) 60 68 47 
Guantal (0.30%) 90 71 50 
120 66 50 
Santocure (0.63%) 60 51 40 
90 45 26 
120 53 40 
A-32 (1.25%) 60 33 2 
90 29 2 
120 37 2 
Ureka-C (0.75%) 60 57 38 
Guantal (0.50%) 90 62 39 
120 64 37 
E]-Sixty (0.60%) 60 61 36 
A-10 (0.10%) 90 86 58 


120 67 42 








EFFECT OF AGING ON CREEP 707 
TaBLeE VI 


Arr-Boms AcinG Data or HEvEA H1GH-PIGMENT Stocks 


Percentage tensile strength retained on 60-minute 
cure after aging at 121° C at 80 lb./sq. in. 
A 





Antioxidant “9 hours 12 hours 
5-A 69 62 
5-B 55 50 
5-C 60 58 
5-D 67 62 
5-K 62 59 
5-F 59 60 


TaBLe VII 


CrrcuLaTING Arr-Oven AcinG Data or GR-S Treap Srocks, 
60-MINUTE CURE 





Percentage change after aging in circulating 
air 24 hours at 100° C 


— 





c 


Ultimate tensile 



































300% modulus strength 
Antioxidant (Ib./sq. in.) (Ib./sq. in.) 
5-A +60 +31 
5-B +74 — 5 
5-C +82 +23 
5-D +66 +24 
of 5-E +55 +16 
5-F +68 — 2 
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Fie. 10,—Continuous creep curves for Hevea high pigmented stocks, antioxidants 5-A to 5-F. 
60-minute cure. Ureka C-Guantal accelerator. 
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Fic. 11.—Continuous creep curves for GR-S tread stocks, antioxidants 5-A to 5-F. 
60-minute cure. Santocure accelerators. 


pigmented and GR-S tread stocks. Antioxidant 5-A is separated more mark- 
edly from the remainder of the antioxidants than one would determine from 
the data of Tables V and VI. 

Another series of antioxidants in GR-S is shown in Table VIII and Figure 12. 
The percentage increase in modulus of stocks shown in Table VIII would not 
enable prediction of differences in antioxidant effectiveness shown in Figure 12. 


TaBLe VIII 


CrrcuLaTING Arr-Oven Acinc Data or GR-S Treap Stocks; 
90-MinuTE CURE 


Percentage change after aging in circulating 
air 24 hours at 100° C 
A. 


’ 300% modulus Ultimate 





Antioxidant (Ib./sq. in.) elongation (%) 
1 +51 —13 
3 +49 —11 
4 +44 — 7 
5-A +45 —I11 
6 +42 —14 
7 +55 —17 
8 +67 —17 
9 +52 —10 
Blank +67 —16 


These data are generally in accord with published attempts to establish rela- 
tionships between modulus change and antioxidant effectiveness. The con- 
tinuous creep data, however, clearly show significant differences between the 
various antioxidants—particularly between the control stock and Nos. 5-A 
and 9. 

Table IX demonstrates the relative precision of eleven specimens taken 
from the same stock and subjected to the same conditions of stress and tem- 
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TaBLE IX 
PRECISION OF CREEP MEASUREMENTS 
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Fic. 12.—Continuous creep curves for GR-S tread stocks, antioxidants 1, 3, 4, 5-A, 6, 7, 8, 9. 
90-minute cure. 


perature. The values of the mean and the standard deviation for the creep 
at each period of time are shown. This is excellent by comparison with 
precision ordinarily obtained with standard aging tests. 

The effect of thickness of the creep specimen is shown in Figure 13. Com- 
plete failure of the 0.009-inch specimens occurred in times too short for good 
comparisons. Furthermore, preparation of uniform specimens of that order 
of magnitude is a difficult task. All the data shown in this paper were taken 
on specimens approximately 0.030 inch in thickness. 

It was found that increased stress (tensile load) on the specimen and higher 
temperature caused faster creep rate. Figure 14 demonstrates the change in 
creep rate with increase in tensile load for a Hevea tread type stock at 121° C. 
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Fig. 13.—Effect of specimen thickness on creep rate, Hevea carcass stock. 
60-minute cure. No antioxidant. 
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Fig. 14.—Effect of stress variable on Hevea tread stock. 


Continuous creep curves, no antioxidant, @ 15, O 30, @ 45, O- 60, 
- @ 75 pounds per square inc ‘h. 
































A stress of 30 pounds per square inch was selected to give a creep rate sufficient 
to minimize error and allow the specimens to remain exposed long enough to 
show definite differences. With Hevea rubber, temperatures higher than 
121° C caused excessively fast rates of creep. This resulted in complete failure 
of the specimen in less than 5 to 7 hours. Lower temperatures merely reduced 
the creep rate, but did not aid in differentiating the stocks. With GR-S the 
time to complete failure was of the order of 100 hours at 121° C, but at 135° C 
the rate of creep was increased to yield most useful information in 40 to 60 hours. 

Figure 9 shows the effect of state of cure on the rate of creep of Hevea tread 
stocks. Other unpublished data with Hevea and GR-S have indicated that 
the rate of creep is faster for shorter times of cure; but all curves are of similar 
shape. 
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CHEMORHEOLOGY OF POLYSULFIDE 
RUBBERS * 


Marcos Mocuutsky AND ARTHUR V. TOBOLSKY 


PrincETON University, Princeton, N. J. 


In a previous publication', certain aspects of the behavior of polysulfide 
rubbers generally described as cold flow were investigated by measurements 
of stress relaxation. Although no final conclusion concerning the molecular 
mechanism was reached, the nature of the relaxation curves (both intermittent 
and continuous) and the activation energies for relaxation suggested the possi- 
bility that relaxation in these materials may be due to a chemical exchange 
reaction, e.g., an exchange between disulfide linkages of adjacent chains. 

Such an exchange between polymer molecules of approximately equal length 
could not be detected by any physical or chemical test as long as the material 
remained in an unstrained condition. However, when the rubber was stretched, 
an interchange reaction of this sort allowed the internal structure eventually 
to come to equilibrium with the new strained dimensions, without causing any 
change in the physical or chemical properties of the material in the sense that 
a chemical scission reaction causes softening, or a chemical cross-linking reac- 
tion causes hardening. These latter characteristics are required of the relaxa- 
tion mechanism because of the fact that the “intermittent relaxation curve” 
(which measures the modulus of an unstretched sample as a function of time) 
of polysulfide rubbers remains completely flat (modulus remains unchanged) 
over the time period in which the stress decays completely to zero in a sample 
held at constant elongation' (‘‘continuous relaxation curve’). A viscous flow 
relaxation mechanism, however, might also give continuous and intermittent 
relaxation curves of this sort. 

In previous papers’ it has been shown that creep, stress relaxation, perma- 
nent set, and general elastic-viscous behavior may all be calculated in terms of 
the rate of the internal relaxation process when this relaxation is due toa 
definite chemical reaction such as an exchange reaction. In this paper the 
authors attempt to show more conclusively that cold flow in polysulfide rubbers 
is due to a chemical exchange reaction (or reactions), and to investigate, by 
the technique of stress relaxation, the various possible interchanges in more 
detail. Inasmuch as the cold flow in some of these materials takes place at a 
fairly appreciable rate even at room temperature, the possibility that this 
phenomenon might be due to chemical reaction has not previously been con- 
sidered. For this reason the term chemorheology has been adopted to describe 
this aspect of the behavior of these substances. 


EXPERIMENTAL METHOD 


A number of the relaxation curves presented in this paper were obtained 
on a beam balance type of relaxation apparatus, employing flat ring samples of 
rubber stretched between two pulleys’. 


* Reriows from Industrial and Engineering Chemistry, Vol. 40, No. 11, pages 2155-2163, November 
1948. This paper was presented before the Division of Rubber Chemistry at the 109th Meeting of the 


American Chemical Society, Atlantic City, N. J., April 9-12, 1946. 
712 














ulfide 
nents 
cular 
ttent 
DOSSI- 
lange 


ongth 
terial 
ched, 
ually 
E any 
that 
reac- 
laxa- 
irve” 
‘ime) 
ged) 
mple 
flow 
ttent 


rma- 
ns of 
toa 
* the 
ybers 
», by 
more 
ata 
this 
con- 
sribe 


ined 
es of 


ember 
of the 








CHEMORHEOLOGY OF POLYSULFIDE RUBBERS 713 


One of the grooved pulleys which hold the sample is fixed to one arm of a 
balance beam; a rider and suspended slotted weights on the other hand of the 
beam are used to balance the retractive force of the rubber sample, balance 
being indicated by an electrical contact on the end of the beam. 

The remainder of the curves were obtained on a simpler type of relaxation 
apparatus of different design. This apparatus utilizes the same flat-ring 
samples as the beam apparatus, but the lower pulley is mounted on a pivot 
arm in a base block, while the upper pulley is mounted on a collar free to slide 
along a keyway on a vertical rod, the position when raised being adjustable to 
give the desired elongation to the sample. An electrical contact point is 
attached to the top of the pivot arm holding the lower pulley, and a weight 
pan is suspended from the bottom of this pivot arm. The retractive force of 
the sample holds the contact point against an electrical contact disk which is 
mounted on a rigid support (which thus holds the sample at a constant elonga- 
tion), and the stress in the sample is measured by determining the weight that 
must be added to the weight pan to cause a suitable flicker in the signal bulb 
attached to the electrical contacts. 

A more complete description of this apparatus will be given in a future 
publication. Comparison experiments on the two types of apparatus have 
shown that identical relaxation curves are obtained from both. 


PHYSICAL EVIDENCE OF POSSIBILITY OF RELAXATION BY 
MOLECULAR FLOW 


To prove that cold flow is in reality due to chemical exchange reactions, the 
authors first attempted to eliminate other possibilities, the most obvious of 
which is the possibility of molecular flow like that in unvulecanized rubbers or 
in rubbery linear polymers. Stress relaxation studies of these latter materials 
at room temperature and thereabouts show a definite decay of stress to zero 
in relatively short times. However, the curves obtained from the unvulcanized 
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Fig. 1.—Relaxation curves of cured and uncured compounded Hevea gum stock. 


35° C, 50% elongation. Relaxation curve of ether tetrasulfide rubber B at 35° C, 20% elongation, 
compared with Maxwell function. 
© Uncured Hevea © Hevea cured for 1 hour at 130° C @ Polysulfide rubber B 
--- Maxwell function (f fo = e7*’*). 
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linear materials are very different in shape from the decay curves of the poly- 
sulfide rubbers; the former are spread out over many cycles of logarithmic time, 
whereas the latter are approximately Maxwellian decay curves spanning only 
two cycles of logarithmic time (see Figure 1). Furthermore, by introducing 
cross-links (by vulcanization) into unvulcanized hydrocarbon rubbers and thus 
producing a three-dimensional network (Figure 1), the stress decay at room 
temperature can be almost completely suppressed. (In Figure 1, as in the 
other graphs of this paper, relative stress, f/fo, is plotted against logarithmic 
time. Relative stress is calculated by arbitrarily taking the time of the first 
stress reading after extension of the sample as zero time and dividing all sub- 
sequent stress values by the stress value from that initial reading. In previous 
studies it was found that up to fairly high elongations, relaxation curves 
plotted as relative stress are independent of elongation.) 
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Fig. 2.—Relaxation curves of formal disulfide (E-4) and ether disulfide (C) rubbers compared 
with relaxation curve of Hevea gum stock. 











100° C, 20% elongation. 
O Hevea gum stock @E-4 @C. 


For vulcanized hydrocarbon rubbers, decay of stress to zero occurs only as 
a result of some chemical reaction which cuts the network chains, e.g., oxidative 
scission‘. At high temperatures, the stress-decay curves in natural rubber due 
to oxidative scission of network chains are closely similar in shape to poly- 
sulfide decay curves (Figure 2). However, while the rate of stress decay and 
creep in vulcanized natural rubber and other hydrocarbon rubbers is decreased 
tremendously by rigorous exclusion of oxygen, relaxation curves of polysulfide 
rubbers are identical in air and in high vacuum!. This indicates that, if the 
relaxation mechanism is chemical in nature, an oxidative reaction of the sort 
encountered in hydrocarbon rubbers cannot be involved. Figure 2 also indi- 
cates the very wide differences in relaxation rate between different polysulfide 
rubbers, which are not encountered in such extreme form in different formula- 
tions of any of the hydrocarbon rubbers. 

It is possible to prepare cross-linked polysulfide rubbers by the use of 
suitable monomers in the polymerization process. Polysulfide rubbers are 
prepared by the reaction of a mixture of organic halide and alkali sulfide in 
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water emulsion. When the halide is entirely dihalide, linear molecules are 
produced. However, by addition of trihalide or halide of higher functionality 
to the reaction mixture, three-dimensional molecular structures involving 
branching and perhaps network formation are obtained; the structure of the 
product depends on the proportion and functionality of the polyhalide added. 
The polymer structure is actually not complete during the processing stage 
before curing; the molecular weight is fairly low, and the polymer contains 
numerous thiol terminal groups. The structure of the rubber is completed in 
the curing process when molecular ends are tied together by oxidation of thiol 
terminal groups to disulfide linkages. 

Relaxation of stress measurements were carried out on three-dimensional 
polysulfide rubbers prepared in this way. The polymers studied were specially 
prepared for use in this investigation, and the proportion of polyhalide added 
was calculated to be sufficient to produce polymers with three-dimensional 
network structure. That these polymers actually were three-dimensional 
network gels was shown by their insolubility in thermodynamically apt solvents 
(which completely dissolve linear polymers); these polymers may therefore 
justifiably be referred to as cross-linked polysulfide rubbers. 
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Fia. 3.—Effect of amount of cross-linking agent on relaxation rate of formal disulfide rubber. 


100° C, 5% elongation. 





7 


O F-1 (1% tetrafunctional cross-linking agent) 
@ F-2 (2% tetrafunctional) 
@ F-3 (10% tetrafunctional) 


The relaxation behavior of these rubbers is shown in Figures 3 and 4. 
Polymers containing different proportions of tetrahalide are shown in Figure 3, 
and polymers containing a fixed proportion of cross-linking agents (polyhalides) 
of different functionalities are shown in Figure 4. [The 11.5-functional cross- 
linking agent was a mixture of molecules (actually polymer of low molecular 
weight) whose average functionality per molecule was 11.5.] It is seen that 
the thermoplastic behavior at high temperatures is not suppressed by addition 
of large proportions of cross-linking agent or by small proportions of cross- 
linking agent of high functionality in the way that one would expect if the 
plasticity were due to molecular flow (see natural rubber in Figure 1). There 








716 RUBBER CHEMISTRY AND TECHNOLOGY 


is a small effect of cross-linking agent at these high temperatures, however, 
and this is further discussed below. At lower temperatures, the introduction 
of cross-links is reported to have a markedly beneficial effect in lowering com- 
pression set as measured by A.S.T.M. procedures. 

If the thermoplastic behavior of polysulfides were due to molecular flow, 
we would also expect that carbon black would have an important retarding 
effect on the relaxation rate, perhaps of similar magnitude to its reinforcing 
effect. As shown in Figure 5, however, carbon black does not importantly 
affect stress decay. 

The activation energy for stress decay in polysulfide rubbers is large, 
approximately 24 kilocalories, as was shown in the previous publication’. 
These activation energy values were calculated graphically by use of the 
Arrhenius equation: The logarithm of the time at which the relative stress 
had the value 1/e (equal to 0.368) was plotted against the reciprocal of absolute 
temperature, and the slope of the straight line thus obtained was set equal to 
Eact/R, where Eact is the energy of activation and R is the gas constant. 
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Fia. 4.—Effect >f functionality of cross-linking agent on relaxation rate of formal disulfide rubber. 


80° C, 20% elongation. 


Q@G-14 (0.2% trifunctional cross-linking agent) 
@ G-15 (0.2% tetrafunctional) 
® G-16 (0.2% 11.5-functional) 


Examples of this type of calculation may be seen in Figures 12, 13, 14, 15, 
and 18 of this paper; reciprocal temperature is plotted on the ordinate scale 
at the right side of the graph, and the logarithmic time scale used is the same 
as that of the relaxation curves. A horizontal dashed line is drawn through 
the relaxation curves at the value f/fo = 1/e, and the time values at which this 
dashed line intersects the relaxation curves, plotted against reciprocal tem- 
perature, are shown as double circles, with a straight line drawn through them 
visually to give the best fit. This application of the Arrhenius theory to stress 
relaxation data has been discussed in earlier publications®. 

Measurements made in the course of work subsequent to the first publica- 
tion! indicate that the range of variation of activation energies for very differ- 
ently prepared polysulfide rubbers is somewhat wider than the authors had 
previously found. Nevertheless, the high activation energy indicates a chemi- 
cal reaction rather than flow. For example, the activation energies for stress 
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Fia. 5.—Effect of carbon black on stress relaxation of a formal disulfide rubber containing 
2% trifunctional cross-linking agent. 


80° C, 20% elongation. 
O D-l (60% Pelletex, by weight, on ® D-3 (20% Statex-B) 
weight of polymer) @ D-4 (20% Wyex) 
@ D-2 (20% Pelletex) D D-5 (no carbon black) 


relaxation in a group of hydrocarbon rubbers, where decay is due to oxidative 
chain scission, were found to lie in the range® 31 + 2 kilocalories. For molecu- 
lar flow, such as viscous flow in liquids, the magnitude of activation energy is 
ordinarily only a few kilocalories for common liquids, of low molecular weight, 
and is seldom much greater than 10 kilocalories, even for polymeric liquids. 


CHEMICAL EVIDENCE OF NATURE OF RELAXATION 
MECHANISM 


In addition to physical evidence tending to weigh against the possibility 
of relaxation’s being due to flow of linear macromolecules, the authors obtained 
direct positive evidence that chemical exchange reactions may well be the 
cause of cold-flow phenomena. In these studies they were greatly aided by 
E. Fettes, F. O. Davis, G. P. Roeser, and J. Patrick of the Thiokol Corporation. 
After the authors had postulated that chemical exchange may be the cause of 
relaxation phenomena, these workers informed them that they had previously 
obtained direct evidence of the existence of interchange reactions through 
chemical studies. For example, two polysulfide latexes of different chain 
composition show the formation of copolymers after having been mixed under 
relatively mild conditions. A complete discussion of this copolymerization 
phenomenon is being published by E. Fettes. 

A very fast interchange occurs between thiols and polymeric organic disul- 
fides or polysulfides; this is indicated by the rapid degradation of polysulfide 
rubbers in thiol vapors, and by the rapid creep or relaxation of these materials 
when exposed in a strained condition to extremely minute amounts of a thiol. 
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This naturally raises the question as to whether thiol terminal groups of the 
polysulfide chains may be responsible for stress decay. In the curing process, 
two thiol terminal groups which happen to be adjacent are oxidized to a disul- 
fide linkage. However, if a thiol terminal group is stranded and isolated from 
other thiol terminal groups, the ordinary curing agents (which act by oxidizing 
thiols to disulfide) would leave it untouched during vulcanization. This ter- 
minal group could then undergo exchange with disulfide links on adjacent 
chains, or possibly exchange with a disulfide linkage in its own chain, splitting 
off a ring compound but still leaving a thiol terminal group. The interchange 
with disulfide links on adjacent chains would not ordinarily be observable, 
even if it were constantly occurring, in an unstrained rubber sample. How- 
ever, if the rubber sample were, for example, quickly strained and held there- 
after at a constant strain (as in the stress relaxation experiments described in 
this paper) the exchange reaction would then be observable in the form of a 
relaxation of stress in the strained sample; this point was mentioned earlier. 
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Fia. 6.—Effect of different concentrations of added thiol groups on relaxation rate of 
formal disulfide rubber E-4. 


60° C, 20% elongation. 


O Nonexposed E-4 sample (C = 0) @C =59 X 107% 
©C =1.8 X 10° g. SH/g. rubber 6C =3.7 X 10° 
@C =5.1 X 1073 ®C =6.5 X 107 


© C = unknown 


The peeling off of ring compounds by interchange of a terminal group with a 
disulfide link on the same chain may be the cause of the odor in polymeric 
polysulfides. 

To determine whether thiol terminal groups might be the cause of relaxa- 
tion, the authors incorporated very small percentages of butanethiol into cured 
sheets of polysulfide rubber. The technique employed was to expose the 
cured sheets to thiol vapor at a moderate temperature (25° to 60° C), and then 
to remove unbound thiol by any of several methods, one of which was to 
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evacuate at 0° C for several days until constant weight was reached. The net 
weight gain was considered to be bound butanethiol. Complications due to 
the loss of ring compounds occurred, but under the low temperature conditions 
employed this factor became negligible. 

The bound thiol which entered the structure, presumably by interchange 
with disulfide: 


Bu—S—H + R—S—S—R — R—S—H + Bu—S—S—R 


had a softening effect on the rubber, reducing the modulus as much as 50 per 
cent in the case of the most severe exposures to thiol. The effect on the rate 
of relaxation, however, was startlingly great; 0.65 per cent by weight of bound 
thiol increased the relaxation rate several hundredfold. Results of these 
experiments are shown in Figure 6, where relative stress is plotted against 
logarithmic time for samples containing various percentages of bound thiol. 
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Fig. 7.—Successive reruns of stock D-2. 


100° C, 20% elongation. 
O Original run Second rerun 
(D First rerun Third rerun 
© Fourth rerun 


If it is presumed that the relaxation of the untreated cured polysulfide 
sheet is due solely to a concentration X of thiol terminal groups, then the 
relative rates of relaxation of an untreated sample and a sample which has 
picked up a concentration C of additional thiol terminals will be in the ratio 
of X to (C + X), assuming that the rate of relaxation is directly proportional 
to the concentration of SH terminal groups. Knowing C and the relative 
relaxation rates computed from Figure 6 (the time required to relax to half of 
initial stress is assumed to be inversely proportional to the relaxation rate), 
one can calculate X. Values obtained for X, from different known values of C, 
ranged between 10~‘ and 10~° gram of thiol per gram of rubber. 

This fairly wide margin of error is, no doubt, partly due to the difficulty 
of making a precise experimental measurement of C. However, the concen- 
tration values obtained are not unreasonable in terms of the presumed chain 
lengths that are obtained after curing. At any rate, the authors believe that 
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unless it can be shown that the concentration of SH in the cured stock is less 
than 10~‘ gram per gram of rubber, these thiol terminal groups must definitely 
be considered as an important possibility for causing intermolecular exchange 
reactions leading to relaxation and cold flow. 

A complicating factor in interpreting the decay curves from these experi- 
ments is the tendency for the thiol groups in the thiol-treated samples to cure 
to disulfides on heating, even during the relaxation run. A well-cured non- 
exposed sample (in which it is presumed that SH terminal groups are com- 
pletely stranded and unable to continue curing) gives the same continuous 
relaxation curve in successive reruns (see Figure 7). (A rerun is a relaxation 
experiment on a sample that has already gone through a stress decay experi- 
ment to zero stress and attained a complete permanent set; the sample is then 
stretched to a greater length, and the stress decay is again measured.) The 
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Fig. 8.—Continuous and intermittent relaxation curves of stock E-4 after 
exposure to n-butanethiol vapor. 


Relaxation at 60° C, 20% elongation. 
O Unexposed (continuous) 

@ Exposed (continuous) 

@ Rerun of exposed continuous sample 
@ Exposed (intermittent) 


thiol-treated samples, on the other hand, apparently cure slowly during the 
relaxation experiment, as evidenced by progressively slower relaxation rates 
on reruns, and by a stiffening (increase in modulus) of the rubber. However 
the stiffening does not proceed beyond the point where the sample has a modu- 
lus equal to the modulus of the unexposed material, and successive runs of a 
thiol-treated rubber sample approach the relaxation rate of an untreated 
sample (see Figure 8). The intermittent relaxation curve of a thiol-treated 
sample of stock E-4, which is shown in Figure 8, is strikingly different in shape 
from the intermittent curve of a normal, properly cured sample. It has been 
demonstrated! that intermittent curves of properly cured samples are com- 
pletely flat, in contrast to the marked increase in modulus observed for this 
thiol-treated sample. The two treated samples in Figure 8 were both exposed 
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Fic. 9.—Relaxation curves of stocks prepared from a formal disulfide polymer containing 2% trifunctional 
cross-linking agent, using different curing agents (E series). 


60° C, 20% elongation. 


O E-1 (ZnO, ZnCrO«, and Paraform) @ E-4 eipuetborighnd and p-benzoquinonedioxi me) 
@ E-2 eng me pow | E-5 acre 4and p-benzoquinonedioxime) 
© E-3 (basic lead carbonate) E-8 [methylene bis-(p-pheny] isocyanate) ] 


to the vapor of n-butanethiol, at its room temperature vapor pressure, for 
4 hours at 25° C. 

The process of curing, which is essentially a*process of polymerization by 
oxidizing thiol terminal groups to disulfide linkages, should, if the authors’ 
conclusions are correct, have an important effect on rate of relaxation. That 
this is true is shown in Figure 9, in which the same polymer was treated with 
curing agents of different activities. Similarly, the incorporation of poly- 
functional monomers to give a cross-linked polymer may conceivably have a 
slight effect in suppressing the total number of terminal groups; this may 
account for the somewhat beneficial effect of cross linkage shown in Figure 3. 

Finally, we might hope to retard relaxation by incorporation of chemical 
agents that react with and destroy terminal thiol groups. Many agents were 
investigated, but only two seemed to give the desired result. In the other 
cases, the agents apparently attacked other parts of the polysulfide chains in 
addition to their presumed specific action in destroying the thiol terminal 


TABLE [| 
CoMPOUNDING FoRMULAS FoR Stocks A, B, aNnp C 

A B Cc 
Formal disulfide 100 Soe 
Ethylene tetrasulfide ag 100 Se 
Ether disulfide® es hie 100 
Pelletex ee AM 60 
Micronex Uae 25 “ore 
Zinc oxide Say 10 10 
Tuads Minds 0.25 ae 
DPG a 0.10 sine 
Altax ae 0.30 
Stearic acid : ‘0. 50 0.50 


® Polymer from ale-Co-chiorenthg! 1) formal sian ininistin with 0.5% trifunc- 
tional cross-linking agen 
> Polymer from Eis: (2-chloroethy!) ether [CI—C:H:s—O—C:H;s—Cl]. 
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. 
F 


100(F 1) 
100(F2) 
100(F3) 
100(F'4) 


60 


TABLE II 
CoMPOUNDING FoRMULAS FOR Stocks D, E, F, anp G 
D EK 
Formal disulfide 100 100 
Plus 1% tetrafunctional oe te 
Plus 2% tetrafunctional 
Plus 10% tetrafunctional 
Ether disulfide + 2% trifunctional 
Formal disulfide 
Plus 1:500 trifunctional 
Plus 1:500 tetrafunctional 
Plus 1:500 11.5-functional Se — 
Pelletex 60(D1) 60 
20(D2) Pee 
Statex 20(D3) 
Wyex 20(D4) we 
Zinc oxide atic 10(E1) 
0.5(E4) 
Lead peroxide 1.5 bss 
Zinc chromate _ 10(E1, E5) 
Paraform ae 10(E1) 
Benzoquinone a 1.5(E2) 
Basic lead carbonate ere 10(E3) 
Dinitrocyclohexylphenol so 1.0(E4) 
GMF (p-benzoquinonedioxime) rs 1.5(E4) 
1.0(E5) 
MDI [methylene bis(4-pheny] 
isocyanate) ] ea 3.0(E8) 
Stearic acid we 3.0(F4) 


TABLE III 


100(G13) 

100(G14) 

100(G 15) 

100(G16) 
60 


3.0 


CURING AND STANDARD Test Data For Stocks A, B, C, D, E, F, anp G 


Tensile Elongation 
100% strength at break 
Cure Min. °F modulus (Ib./sq. inch) (%) 
A 30 X 287 aes ee 
B 50 X 287 ets 730 370 
C 50 X 298 515 1185 300 
D-1 30 X 287 570 1265 220 
D-2 30 X 287 186 325 190 
D-3 30 X 287 175 280 170 
D-4 30 X 287 185 400 240 
D-5 30 X 287 125 125 160 
)-] 30 X 287 355 830 210 
E-2 30 X 287 250 790 240 
E-3 30 X 287 485 1060 220 
E-4 30 X 287 400 1055 240 
E-5 30 X 287 390 955 220 
E-6 30 X 287 335 550 170 
F-1 30 X 287 280 1215 370 
F-2 30 X 287 595 830 120 
F-3 30 X 287 ate 330 20 
F-4 30 X 287 600 1170 180 
G-13 30 X 287 > pt 1140 260 
G-14 30 X 287 $a 1265 510 
G-15 30 X 287 ae 1215 480 


G-16 30 X 287 “r% 1220 530 


Compression 


set (%) 
(A.S.T.M. 
method B) 


10 


Hardness 
(Shore 
durometer- 
A) 


74 
76 
75 
56 
56 
57 
40 


66 
62 
74 
68 
66 
64 


65 
73 
83 
71 
65 
61 
67 
60 
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groups. The agents that gave some success were chloro-2,4-dinitrobenzene 
and chloro-2,4-dinitronaphthalene, both of which are used as specific analytical 
reagents for thiols. These agents were incorporated by swelling the rubber 
in a toluene solution of the chemical agent, or by addition on the mill. Table 
IV shows the results of these experiments. The relaxation data at the various 
temperatures are given in terms of fo.s5, the time in hours required to relax to 
half the initial stress. 

Even a complete suppression of thiol terminal groups may perhaps not 
completely solve the cold-flow problem. Other exchange mechanisms, such 
as a polysulfide-polysulfide interchange as postulated previously!, which may 
well proceed by a radical mechanism, may be the limiting factor when the 
thiol concentration is made sufficiently small. In fact, the beneficial effect of 
chloro-2,4-dinitrobenzene may be due to its action as a radical terminator. 
Certain disulfides, such as phenyl disulfide and dithiodiglycol, are believed to 
be as active as thiol in interchange reactions. 

The effect of sulfur added to the polymer in various ways on the relaxation 
rate also was studied. In the first experiments, samples of stock D-4 were 
allowed to swell at 35° C in a saturated solution of sulfur in benzene, after 
which the solvent was removed by heating at a moderate temperature, and the 
samples were finally heated at 115° C for 1 hour. The difference in weight of 
sample before and after treatment was considered to be the weight of added 
sulfur in the polymer. Figure 10 shows the relaxation curves for such samples 
compared to an untreated sample. It is clear that the addition of a small 
percentage of sulfur increases the rate of relaxation fiftyfold. Samples swollen 
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Fria. 10.—Effect of added sulfur on stress relaxation of stock D-4. 


Sulfur added by swelling; 80° C, 20% elongation. 


O No sulfur added 

6 2.3% sulfur added (% based on sulfur originally in polymer) 
® 3.6% sulfur added 

@ 4.4% sulfur 

5.1% sulfur added 
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Fie. 11.—Effect of sulfur rank on relaxation rate of a formal disulfide rubber containing 
2% trifunctional cross-linking agent. 


Effect of sulfur added on the mill; 80° C, 20% elongation. 








O Stock H (2.00 rank) @ K (H plus added sulfur to give 2.20 rank) 
@ I (2.20 rank) © L (H plus added sulfur to give 2.40 rank) 
@ J (2.40 rank) ® M (I plus added sulfur to give 2.40 rank) 


in pure benzene (no dissolved sulfur) and given the same treatment as the 
previous samples showed no appreciable difference in relaxation rate from that 
of an untreated sample. 

To study the effect of sulfur further, polysulfide rubbers of sulfur rank 
2.00, 2.20, and 2.40 were prepared and compounded identically. (The “sulfur 
rank” of a polysulfide polymer specifies the average number of sulfur atoms 
per sulfur link in the polymer—e.g., pure disulfide and tetrasulfide polymers 
would be of ranks 2.00 and 4.00, respectively.) In addition, the 2.00 rank 
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Fia. 12.—Stress relaxation of stock H (2.00 rank formal disulfide) at different temperatures. 


20% elongation. 
080°C @90°C @100°C Eact = 24.72 kcal. 
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Fie. 13.—Stress relaxation of stock K (2.00 rank H polymer plus added sulfur to give 2.20 rank) 
at different temperatures. 


20% elongation. 
080°C @90°C @100°C Eact = 17.90 keal. 


polysulfide rubber was brought to ranks of 2.20 and 2.40 by addition of sulfur 
on the mill, and similarly the 2.20 sulfur rank polysulfide rubber was brought 
to a rank of 2.40. The polymers of this set were all formal disulfide polymers 
containing 2 per cent trifunctional cross-linking agent. 

Relaxation curves for these stocks at 80° C, shown in Figure 11, indicate 
that increasing sulfur rank, when the sulfur is combined during polymerization, 
has a small retarding effect on the rate of relaxation in the range of 2.00 to 2.40, 
though this trend is probably reversed for the very high ranks approaching 
tetrasulfide'. However, when the sulfur rank is increased by addition of sulfur 
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Fia. 14.—Stress relaxation of stock L (2.00 rank H polymer plus added sulfur to give 2.40 rank) 
at different temperatures. 


20% elongation. 
©60°C 670°C O80°C @90°C @100°C Eact = 21.18 keal. 
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TABLE V 


COMPOUNDING, CuriING*?, PHysicaL Data, AND ACTIVATION ENERGIES OF 
RELAXATION ON Stocks H, I, J, K, L, anp M 

















H I J K L M 
Formal polymer 
2.00 rank 100 bia 
2.20 rank ws 100 he, 
2.40 rank ne sere 100 
H+ added S to give 2.20 rank a oe wig 100 eae 
H+ added S to give 2.40 rank hes Ree ae ake 100 a 
I+ added §S to give 2.40 rank ome ve ee was was 100 
Pelletex 60 60 60 60 60 60 
Lead peroxide 3 3 3 3 3 3 
Stearic acid l 1 1 1 1 1 
Sulfur 4.3 8.6 4.3 
Tensile strength (lb./sq. in.) 1105 1075 1170 1180 955 1080 
Elongation at break (%) 300 240 250 250 190 210 
Hardness (Shore durometer-A) 68 69 71 72 73 73 
Compression set (A.8S.T.M. method 
B; 22 hrs., 70° C) 39 35 30 93 98 92 
Activation energies, ct, for relaxa- 
tion (keal.) 24.72 27.89 31.11 17.90 21.18 20.10 
fur * Cure, 30 min. at 287° F in all cases. 
rht 
ers on the mill, it has exactly the same type of large accelerating effect on relaxation 
as was observed in the case of sulfur added by swelling. Not enough is known 
ite of the chemistry of polysulfides to enable the authors to explain this interesting 
mM, phenomenon at the present time. There was a systematic increase of activa- 
0, tion energy of relaxation with increasing sulfur rank for sulfur bound during 
ng polymerization, whereas sulfur added on the mill tended to give a decrease of 
ur 
LoF 4o'c. $3.2 
br Poo 
{ 3 
+7 '!0 
6F 60° -+ 3.0 
4P - 2.9 
80° 
2b +2.8 
0 2.7 
Ol Jl 10 100 


TIME (hours) 


Fia. 15.—Stress relaxation of latex sheet A at differen+ temperatures. 


20% elongation. 
040°C 60°C @80°C Eact = 15.45 kcal. 
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Fic. 16.—Effect of heating in vacuum at 80° C on stress relaxation of latex sheet A. 


Relaxation at 40° C, 20% elongation. 


O Untreated @ Heated 6 hrs. 
@ Heated in vacuum 1 hr. at 80° C @ Heated 24 hrs. 


activation energy of relaxation when compared to the untreated samples, as 
shown in Figures 12 to 14 and in Table V. 

Stress relaxation studies on cast latex sheets of polysulfide rubber showed 
a rather rapid relaxation with low activation energy; a typical case is shown 
in Figure 15, where the activation energy value obtained is 15.45 kcal. Latex 
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Fic. 17.—Stress relaxation of latex sheet A at different temperatures, exposed and 
unexposed to ultraviolet light. 
20% elongation. 
040°C Q 60°C @80°C 
--- Exposed to ultraviolet light 
— Unexposed 
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sheet A was prepared from a formal disulfide polymer containing 0.5 per cent 
trifunctional cross-linking agent. As the samples were thin and translucent, 
it was decided to study the effects of water left in the polymer from polymeri- 
zation, and light, on the rate of relaxation. From Figure 16 it is seen that 
pretreatment by pumping and heating (to remove water) did not significantly 
affect the rate of relaxation. Relaxation curves are shown for three latex- 
sheet samples which were heated at 80° C in a vacuum over calcium chloride, 
for 1, 6, and 24 hours, respectively; the relaxation curve of an untreated sample 
is given for comparison. That the four relaxation curves are practically iden- 
tical indicates that water is not active in causing relaxation of stress. 














Ol r r 10 
TIME (hours) 


Fig. 18.—Calculated stress relaxation of latex sheet A due to light alone, 
at different temperatures. 


040°C 60°C @80°C Eact = 5.69 kcal. 


The effect on the rate of relaxation produced by irradiation of the sample 
with ultraviolet light during the relaxation experiment is shown in Figure 17. 
The light source was a G.E. RS sun lamp placed 7 inches from the sample, 
and separated from the sample by a single thickness of Corex glass. Relaxa- 
tion curves are shown for irradiated and nonirradiated samples at 40°, 60°, and 
80°C. At all three temperatures irradiation produced a very significant 
acceleration of relaxation rate. Hypothetical relaxation curves due to light 
alone were calculated for the three temperatures and are shown in Figure 18. 
These are the relaxation curves that presumably would have been observed 
experimentally for the irradiated samples if no thermal relaxation had been 
taking place simultaneously with the photorelaxation. These hypothetical 
curves were calculated from the experimental curves in Figure 17, by dividing 
the ordinate of the curve of the irradiated sample (light plus heat) by that of 
the curve of the nonirradiated sample (heat alone) at each of the three tem- 
peratures. (The relaxation curve for light alone is not given by the difference 
in the ordinates of the curves for irradiated and nonirradiated samples.) The 
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reason for using the ratio of ordinate values rather than the difference may be 
seen from the following considerations. 
In the presence of heat alone the decay curve is given approximately by: 


f/fo = exp (—kat) (1) 


whereas, in the presence of both light and heat, two simultaneous reactions 
are occurring, and the composite relaxation curve is represented by: 


fifo = exp (—kit — kit) (2) 


where k, is the specific rate constant for the thermal reaction and k, is the 
specific rate constant for the light-activated reaction. Dividing Equation 2 
by 1, we obtain the curve of decay of relative stress due to the light-activated 
reaction alone: 


f/ fo = exp (—k:t) (3) 


The activation energy calculated in Figure 18 for this photo-relaxation is 
5.7 kilocalories, which is a low value characteristic of light-activated chemical 
reactions. This value should be considered as only semiquantitative, because 
we are not certain of the homogeneous penetration of light through these 
samples. 

The fact that the relaxation process is photoactivated is another indication 
that relaxation in these polysulfide rubbers is essentially chemical in nature, 
as light would not be expected to have any effect on a physical process such as 
viscous flow. 


SUMMARY 


Experimental results indicate that the socalled ‘cold flow 


” 


of polysulfide 
rubbers is almost certainly chemical rather than physical in nature. The term 
chemorheology has been adopted to describe this chemical type of plasticity. 
The experimental method employed in this investigation was the measurement 
of relaxation of stress in stretched rubber samples held at a constant elongation. 
The changes in relaxation rate produced by changing the molecular structure 
of the rubber (by cross-linking), by incorporating carbon black, by illuminating 
with ultraviolet light, and by treating the rubber with various chemical agents, 
such as sulfur, a thiol, and agents that destroy thiol groups, were studied by 
this method. From the results of the above experiments and from additional 
considerations, it is concluded that the chemical reaction responsible for cold 
flow is an intermolecular exchange reaction, and that this exchange reaction is 
probably an exchange between a terminal thiol group of one chain and a 
disulfide linkage of an adjacent chain. 
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PREPARATION OF HIGHLY PURIFIED 
HEVEA RUBBER * 


G. T. VERGHESE 


INTRODUCTION 


Purification of natural rubber has attracted the attention of a large number 
of investigators. The methods generally employed are fractional precipitation 
of the rubber from solutions!, extraction of rubber with solvents’, creaming 
(with ordinary creaming agents’, or with alkalies‘), centrifuging® or enzyme 
treatment® of rubber latex, and digesting rubber with water under pressure.’ 

The nitrogen contents of rubber purified by some of the above methods are 
given below. 

Percentage of 
Investigators Method of purification nitrogen 


Bruson, Sebrell, and Calvert* Fractional precipitation from ben- 0.09 
zene solution 

Midgley, Henne, and Rennoll® Fractional precipitation from ben- 0.015 
zene-alcohol solution 

Pummerer, Andriessen, and Continuous extraction of rubber 0.05-0.06 

Giindel? with ether 

Cumming and Sebrell'® Repeated creaming of latex after 0.006-0.009 
pretreatment with alkali 

De Vries and Nieuwland‘ Creaming of latex with alkali 0.01-0.05 

Cajelli!! Dialysis, enzyme treatment, alkali 0.004-0.008 
treatment, and creaming of rub- 
ber latex 


From the point of view of purity, alkali treatment of the rubber appears 
to be the most satisfactory method. But this involves a drastic chemical 
treatment which might adversely affect the molecular structure of the rubber 
hydrocarbon. A new method was, therefore, developed in which rubber is 
not subjected to any severe treatment. 


EXPERIMENTAL 


Ammonia-preserved field latex from Ceylon, having an ammonia content 
of 0.48 per cent, and a dry rubber content of 39 per cent, was mixed with 
6 per cent of freshly prepared ammonium oleate, this soap being dissolved in 
the least possible quantity of distilled water before addition to the latex. To 
this was then added 0.25 per cent of ammonium alginate (as a 1 per cent 
aqueous solution) based on the aqueous phase of the creaming mixture, the 
solids content of which was finally adjusted to 20 per cent by adding distilled 
water. The mixture was allowed to cream for 24 hours. The clear serum 
that separated out as an underlayer was removed, the creaming mixture shaken 
again, and then allowed to cream for a further period of 24 hours. The serum 
that separated out was again removed. This creaming operation was repeated 
12 times. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 24, No. 3, pages 138- 
141, October 1948. 
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To follow the progress of purification of the latex, an analysis of the cream 
was done at several stages of the creaming. For the analysis thin films of 
rubber were prepared by drying down the cream on a glass plate. The results 
of the analysis are given in Table I. 


TABLE I[ 
Nitrogen Ash Acetone extract 
Sample (per cent) (per cent) (per cent) 
Ammoniated field latex 0.42 (0.42) 0.43 (0.43) 4.2 (4.2) 
Original creaming mixture 0.43 (0.43) 1.88 (1.92) 10.8 (9.9) 
1X creamed latex 0.24 (0.23) 1.45 (1. 7 8.7 (8.3) 
2X creamed latex 0.23 (0.22) 0.78 (0.83) 5.7 (6.7) 
6X creamed latex 0.11 (0.18) 0.48 (0.80) 3.4 (6.0) 
12X creamed latex . 0.03 (0.08) 0.31 (0.62) 3.0 (4.4) 


The figures i in parentheses were obtained when sodium alginate was used instead of ammonium alginate 
as the creaming agent. 


The analysis of a specimen of crepe rubber prepared from the final cream 
gave the following figures. 


Ammonium alginate Sodium alginate 
as creaming agent as creaming agent 
(per cent) (per cent) 
Nitrogen 0.022 0.028 
Ash 0.08 0.49 
Acetone extract 1.9 2.04 


The further purification of the creamed latex was effected as follows. To 
n-hexane was added freshly prepared ammonium oleate in such quantities as 
to obtain a 10 per cent solution. Care was taken to avoid free ammonia in the 
ammonium oleate, since this causes cloudiness in the solution. 

Purified latex obtained by creaming with ammonium alginate was added 
to the hexane in small quantities at a time, and with vigorous shaking till a 
2 per cent rubber solution was obtained. After being left overnight the solu- 
tion was centrifuged for 15 minutes at a speed of about 3,000 r.p.m. A small 
quantity of a brownish white precipitate was thrown down and, being insuffi- 
cient for detailed examination, was rejected. 

From the clear decanted solution the rubber was precipitated by adding 
acetone. To remove any mechanically entrapped soap the rubber was soaked 
in alcohol for 48 hours, and then in acetone for 48 hours. It was then dried 
in a desiccator under vacuum. 

All the above operations were conducted in a dark room. 

The rubber prepared in this manner contained 


Percentage 
Nitrogen 0.013 
Ash 0.024 
Acetone extract 0.612 


DISCUSSION 


Treatment of rubber latex with soap” appears to be a very efficient method 
for the removal of proteins from the rubber. The proteins are mainly on the 
surface of the rubber particle, and appear to be easily displaced by a surface- 
active material like potassium or ammonium oleate. These displaced proteins 
pass into the squeous phase, and are then readily removed by repeated cream- 
ing. It is also possible that the soap displaces other materials from the surface 
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of the rubber particles, but no information on this possibility has yet become 
available. 

When sodium alginate was employed as a creaming agent the final cream 
contained 0.08 per cent nitrogen, as against 0.03 per cent for the cream ob- 
tained with ammonium alginate. This is probably due to the fact that 
ammonium alginate is a more efficient creaming agent than sodium alginate, 
with the result that the former effects a more complete separation of the serum 
from the cream during creaming. 

The repeated creamings purify the latex to a marked extent. For instance, 
the nitrogen content is considerably reduced. But the rubber still contains 
an appreciable amount of ash. Thus, a dried film of latex creamed with ammo- 
nium alginate after treatment with ammonium oleate gave the following 
figures (see Table I): 

Percentage 
Nitrogen 0.03 
Ash 0.31 


This ash content can be reduced further by coagulating the creamed latex 
with acetic acid, and thoroughly washing the coagulum on the mill. This 
rubber contains 0.08 per cent ash. This seems to suggest that the ash is due 
mainly to traces of mineral substances possibly associated with the creaming 
agent left behind in the cream. The acetic acid treatment appears to render 
these mineral substances water-soluble, and hence it is removed during the 
washing. 

In spite of the fact that the crepeing of the rubber gave a lower percentage 
of ash, this method was abandoned because the aim of the present investigation 
was to avoid any severe treatment, such as mechanical washing, of the rubber. 
Although the nature of the degradation that rubber undergoes during washing 
and sheeting operations has not been precisely understood, it has been pointed 
out that there is a tendency for some sort of breakdown of molecular structure 
to occur. 

There is no published information on the ‘‘solubilization”’ of rubber latex 
in hexane. Without ammonium oleate, latex forms an unstable emulsion with 
hexane. But in the presence of the soap the latex forms a clear solution in a 
short time. This observation appears to be associated with the phenomenon 
of solubilization described by Pink", the actual mechanism of the process, 
however, still remains to be understood. 

If the rubber is precipitated from the uncentrifuged hexane solution, the 
ash content of the rubber is slightly lower, but the nitrogen content is not 
appreciably different from that of the creped rubber. The centrifuging of the 
solution, therefore, reduces further the nitrogen and the ash contents of 
the rubber. The figures given below illustrate the progressive purification 
of creamed latex. 


Rubber precipitated 
Dried Creped from Atari ses 
film rubber solution 
(per cent) (per cent) (per cent) 
Nitrogen 0.030 0.022 0.013 
Ash 0.31 0.08 0.02 
Acetone extract 3.0 1.9 0.6 


In view of the purity of the rubber even 0.6 per cent of acetone extract 
appears to be rather high. On examination it was found that the dried acetone 
extract burned with a smoky flame producing the smell of burning rubber, 
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and that most of the dried extract dissolved in benzene. It may be inferred 
from these observations that the acetone extract contains some rubber. Puri- 
fied rubber is very susceptible to oxidation, and during the extraction with 
boiling acetone it is probable that some of the rubber became oxidized and 
was extracted by the acetone. Allowing for this, it may be claimed that the 
rubber hydrocarbon prepared by the new method has a purity above 99.4 
per cent. 
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SUMMARY 


A new method is described by which rubber hydrocarbon of a high degree 
of purity can be obtained without resorting to any drastic chemical or mechani- 
cal treatment of the rubber. Rubber latex is treated with ammonium oleate, 
which displaces the proteins from the surface of the rubber particles. The 
displaced proteins, along with other nonrubber substances present in the serum, 
are removed by repeated creaming of the latex. Finally, the creamed latex is 
“solubilized” in n-hexane, and the rubber precipitated by adding acetone. 
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ELASTOMER-RESIN BLENDS 


ACRYLONITRILE TYPE SYNTHETIC RUBBER AND 
POLYVINYL CHLORIDE RESINS * 


D. W. Youne, D. J. Bucktey, anp R. G. NeEwsBrra 
STANDARD O1L DEVELOPMENT ComPaNy, Exizasetnu, N. J. 


AND 


L. B. TurNER 


Ensay Company, Inc., New York, N. Y. 


The commercial advent in recent years of special purpose synthetic rubbers 
on the one hand and widely accepted plastics on the cther hand have resulted 
in a merger of the rubber and the plastics industry. In overlapping produc- 
tion and marketing effort, both industries have coéperated in engineering new 
and improved products. To cite an example, mixtures of vinyl resins and 
1,3-butadiene-acrylonitrile rubbers have been combined to form tough heat- 
resistant products. A further advance in this field is achieved by vulcanizing 
the polymer in the mixture thereby attaining resilience, good light aging, and 
excellent chemical and solvent resistance. These new cured rubber-vinyl 
blends are being used to form raincoats and a variety of other products. 

Saeger!, Thompson?, Wolfe*®, and others‘ suggest combination of vinyl 
resins, including polyvinyl chloride with rubber. As the synthetic rubber 
art has developed, numerous suggestions have been made to blend the newer 
synthetic rubbers with vinyl resins. An article by Nowak and Hofmeier’® is 
typical. 

As early as the spring of 1938, efforts were made by I.-G. Farbenindustrie 
to develop a market in this country for Buna-N rubber, copolymers of 1,3- 
butadiene, and acrylonitrile. It was reported that Perbunan could be blended 
with polyvinyl chloride’. 

Some 10 years ago, Badum, in his studies’, formulated Buna-N rubber- 
polyvinyl chloride blends. The products were evaluated as ozone-resistant 
cable insulations. Also, Henderson® experimented with Buna-N-polyvinyl 
chloride resin blends. From that time until the present, these novel blends 
have been mentioned in the literature only rarely. 

In 1946 and 1947 Winkelman’, Moulton”, Kenney", and Pittenger with 
Cohan” reviewed the general subject of rubber-resin blends and some results 
on Buna-N-resin products were listed. Recently, Young, Newberg, and 
Howlett'® reported on the physical properties of a number of uncured Buna-N- 
vinyl resin blends. It was found also that some of the blends had certain 
limitations as evaluated in a laboratory blocking test. To improve this prop- 
erty it was decided to study cured blends, as by this procedure surface tack 
is usually reduced. 

In this paper, compounding techniques are given, as well as laboratory test 

* Reprinted from Industrial and Engineering Chemistry, Vol. 41, No. 2, pages 401-408, February 


1949. This paper was presented before the Division of Rubber Chemistry at the 112th Meeting of the 
American Chemical Society, New York, September 17-19, 1947. 
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data on sulfur cured Buna-N-polyvinyl-dioctyl phthalate blends. Most of the 
work was done with Perbunan-NS polymers and Vinylite (VYNW). How- 
ever, in a limited way the investigation covered also modified Buna-N polymers 
such as low molecular weight 1,3-butadiene-acrylonitrile copolymer oils and 
1,3-butadiene-methacrylonitrile solid resinlike copolymers. The Perbunan- 
NS polymers are a commercial class of 1,3-butadiene-acrylonitrile copolymers 
stabilized with a nonstaining antioxidant (Stabilizer 8567), and Vinylite 
(VYNW) is a high molecular-weight copolymer formulated from vinyl chloride 
and vinyl acetate (95 to 5 per cent). For comparative data and general back- 
ground, tests were made on a few Perbunan-NS-polyvinylidene chloride blends. 

Another phase of the present investigation covers the preparation of an 
experimental stock by the use of a nonsulfur type cure or tetramethylthiuram 
disulfide cure on loaded Perbunan-vinyl compositions plasticized with a non- 
migrating polyester plasticizer (Paraplex G-25). In this work particular em- 
phasis was placed on flame resistance, low temperature behavior, and heat 
aging properties, specifically embrittlement and elongation retention. 


EXPERIMENTAL 


The polyvinyl chloride-vinyl acetate copolymer (Vinylite VYNW) chosen 
for the work was obtained from the Bakelite Corporation and the vinylidene 
chloride polymers (Saran) from the Dow Chemical Company. The dioctyl 
phthalate was supplied by the Ohio Apex Company, Incorporated, and Para- 
plex G-25 by the Resinous Products and Chemical Company. The basic 


formulation was as follows. 
Parts by weight 


Vinyl type resin 100 
Vinyl stabilizer and (or) accelerator 1.5 
Stearic acid 3 
Dioctyl phthalate 50 
Perbunan-NS polymers Varied 
Sulfur Varied 
Benzothiazoy] disulfide Varied 


The synthetic rubber plasticizer, such as Perbunan, was varied from 25 to 
200 parts, based on 100 parts by weight of vinyl resin. In most of the work, 
fillers were omitted from the formulation so that the compound properties 
would be a function only of the kind and amount of plasticizer used. Litharge 
and other products were used as stabilizers for the vinyl resin (as well as an 
accelerator for the sulfur cure); the stearic acid used as a parting agent or 
lubricant facilitated easy release of the stock from the hot mill and mold. The 
synthetic elastomers studied were Perbunan-35NS 140, Perbunan-35NS 90, 
Perbunan-26NS 100, Perbunan-26NS 90, Perbunan-26NS 60, Perbunan-26NS 
40, Perbunan-26 low molecular weight oil (76-40 oil), Perbunan-18, and an 
experimental Buna-N that contained 55 per cent of 1,3-butadiene and 45 per 
cent of methacrylonitrile. As the Perbunan number increases, the acrylo- 
nitrile in the copolymer increases (within small operating variations) as follows: 
Perbunan-18, 20 per cent acrylonitrile; Perbunan-26, 28 per cent acrylonitrile; 
and Perbunan-35, 35 per cent acrylonitrile. The NS indicates that the co- 
polymer contains the nonstaining antioxidant (8567) and the number after NS 
reports the approximate 212° F, 15-minute Mooney viscosity. The Perbunan- 
18 used had a Mooney viscosity of 80 and the 1,3-butadiene-methacrylonitrile 
copolymer a Mooney viscosity of 40. 

The tests carried out on a number of the products were as follows: 100 
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per cent modulus, tensile stress, ultimate elongation, Shore durometer hard- 
ness, brittle temperature, specific gravity, heat aging at 250° F, light aging, 
stiffness, blocking temperature, color, and volume increase in A.S.T.M. refer- 
ence fuels Nos. 1 and 2, A.S.T.M. Oil No. 3, and water. 


PREPARATION OF SAMPLES 


Milling procedure.—In the final milling procedure as developed in this 
work, the ingredients, with the exception of Perbunan, sulfur, and accelerator, 
were weighed out in a Pyrex beaker and dry blended by hand. After blending, 
the wet sugarlike mixture then was changed to a 6 X 12 inch laboratory 
rubber mill-heated with steam to about 280° to 300° F. The resin was fluxed 
two to three minutes, and allowed to mill with a tight rolling bank for 5 minutes 
with occasional cutting. To this plastic at 280° F was added the rubber. Mill 
mixing was continued for 12 minutes at 280° F. The batch then was sheeted 
off the mill at 0.075 to 0.15 inch thickness. 

The mixture was allowed to cool to 160° to 180° F and placed on a rubber 
mill at the same temperature. To the system was slowly added sulfur and 


accelerator. Milling was continued at a temperature below 200° F for 8 
minutes. 
TABLE I 
EFFECT OF VULCANIZING CYCLE 
Compound Parts by weight 

VYNW 100 

Perbunan-35 NS 90 100 

Stearic acid 3 

Sulfur 2 

Benzothiazoyl disulfide 2 

Litharge 1.5 

Dioctyi phthalate 50 
Cure time (min.) 60 15 30 15 5 15 30 
Temperature (° F) 280 287 287 300 320 320 320 
Tensile (Ib./sq. in.) 1700 1920 1900 1900 1520 2000 2020 


Modulus at 100% (Ib./sq. in.) 350 320 380 400 350 420 400 
Ultimate elongation (%) 500 560 460 440 520 400 380 


Molding method.—This operation was carried out in a standard A.S.T.M. 
four-cavity mold (D 15-41), yielding slabs 6 X 6 X 0.75 inch. After a study 
of the effect of time and temperature (Table I) the molding and curing cycle 
was held at 15 and 30 minutes, respectively, at 287° F, with a ram pressure of 
900 pounds per square inch. Each test-slab was allowed to cool to 270° F 
under pressure in the mold before being removed. By this procedure no dis- 
tortion or tearing was obtained. All samples were allowed to rest at least 
24 hours at room temperature before testing. 


TEST METHODS 


Tensile stress, 100 per cent modulus, and ultimate elongation.—These tests 
were made on a Model L-3 Scott tester at 75° F and about 55 per cent relative 
humidity. The rate of jaw separation was 20 inches per minute. For meas- 
urement of elongation, the specimens were bench marked, with a 1-inch die, 
the grips were adjusted at zero load 0.75 inch apart, and the elongation was 
measured by means of a decimal scale held close to the specimen. 
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Shore durometer hardness.—These values were obtained using the Shore A 
durometer (A.S.T.M. D 676-44T). Multiple readings were taken on each 
specimen. 

Brittle temperature-—The instrument used to determine these values was 
that described under A.S.T.M. D 746-44T. The specimens were allowed to 
condition 25 minutes in air to reach equilibrium temperature in the bath before 
testing. 

Blocking temperature.—These results were obtained by the use of A.S.T.M. 
procedure D 884—46T. 

Stiffness index.—By the use of the Tinius-Olsen Tour-Marshal tester 
(A.S.T.M. D 747-43T), the stiffness index in pounds per square inch was 
determined on a number of the products at 75° F. 

Volume increase.—These values were obtained in standard laboratory fluids 
at room temperature. SR-6 or A.S.T.M. D 471-46T reference full No. 2 was 
formulated from 60 per cent diisobutylene, 20 per cent toluene, 5 per cent 
benzene, and 15 per cent xylene. SR-10 or A.S.T.M. reference fuel No. 1 is 
pure diisobutylene. A.S.T.M. Oil No. 3 is a low volume increase mineral oil 
with an aniline point of 70° C. 


DISCUSSION OF RESULTS 


Effect of Mooney viscosity ——In Table II results are presented on Vinylite 
(VYNW) blends plasticized with several Perbunan-26 polymers and dioctyl 
phthalate. These data show, based on tensile, ultimate elongation, crescent 
tear, and brittleness tests, that the Perbunan-26 polymer cure blends studied 
have about the same physical properties. However, calendering and extrusion 
tests proved that in these dioctyl phthalate-plasticized systems the 40 and 60 
Mooney Perbunan-26NS blends processed better than the other Perbunan 
blends. For example, the calendered films formed before curing have a low 
roughness value when Perbunan-26NS 40 or Perbunan-26NS 60 polymers were 
used. 

The Perbunan-26 oil used had a Gardner viscosity of Z-9 and Gardner 
Color of 5. The oil contained 26 per cent of acrylonitrile. 

Effect of percentage of acrylonitrile on physical properties of cured resin 
blends.—In the experimental work, twenty blends were formulated and the 
results are given in Tables III to V, inclusive. Once again this study proved 
that, at 287° F, the optimum cure was obtained in about 30 minutes. Some 
of the results in Tables III through V were used to obtain the points for the 
several curves as shown in Figures 1 to 7, inclusive. Figures 1 and 2 show 
that the Perbunan-26NS 90- and Perbunan-35NS 90-resin blends give much 
higher tensile values, as well as 100 per cent modulus values when the blends 
contain about 13 to 25 per cent of Perbunan by weight. At higher concen- 
trations of rubber, say 38 per cent, the tensile values and modulus values are 
about the same. 

Figure 3 shows that Perbunan-35NS 90 and Perbunan-26NS 90 form resin- 
rubber blends with ultimate elongations to break greater than Perbunan-18 
type blends. This effect is due to the fact that the higher acrylonitrile type 
copolymers are more compatible in vinyl polymers'*. Figure 4 shows that the 
low temperature property of the resin blends improves as the acrylonitrile 
content of the Perbunan is decreased. The Perbunan-18 formulates blends 
with a break point at —70°F, and at this temperature a few samples only 
showed a slight surface crack. 
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STOCK TYPE-VYNW 100,STEARIC ACIO 3, 
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FIGURE 1 
TENSILE STRENGH OF CURED PERBUNAN- VYNW- DIOCTYL 
PHTHALATE BLENDS CURED 30' AT 287 °F. 
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FIGURE 2 
100% MODULUS VALUES FOR CURED 


PERBUNAN - VYNW~ DIOCTYL PHTHALATE BLENDS 
GURED 30 AT 287°F. 
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FIGURE 3 
ULTIMATE ELONGATION VS. NITRILE 
CONTENT OF PERBUNAN YMERS IN 
PERBUNAN - VYNW> DIOCTYL PHTHALATE BLENDS 
CURED 30° AT 287 °F. 
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FIGURE 4 
LOW TEMPERATURE PROPERTIES OF CURED PERBUNAN- VYNW- 
a DIOCTYL PHTHALATE BLENDS 
CURED 30° AT 287 °F. 
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BLOCKING TEMPERATURE ,*F, (118./SQ. IN. PRESSURE ) 


VOLUME INCREASE, %,IN A.S.T.M. REFERENCE FUEL NO. 2 AT 75°F FOR 24 HOURS 
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FIGURE 7 
VOLUME INCREASE IN PERBUNAN-VYNW BLENDS 
CURED 30° AT 287 °F. 
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In Figure 5 the blocking temperatures for a number of these systems are 
shown. The figure indicates that the blocking temperature for the cured 
blends increases as the acrylonitrile content of the Perbunan increases. For 
example, the Perbunan-18 products blocked in 24 hours with 1 pound per square 
inch pressure at 170° F, the Perbunan-26NS 90 blends at about 220° F, and 
the Perbunan-35NS 90 blends at 230° F. It may be that the blocking results 
are due to the fact that the plasticizer used is slightly more compatible at high 
temperatures in the higher acrylonitrile type rubbers. These high blocking 
temperatures were of interest when it was noted that the specimen surfaces 
exhibited high gloss. 

After the test samples were 30 days old, and held at 75° F, it was noticed 
that the cured blends containing 10 to 25 per cent of Perbunan and 24 to 28 
per cent of dioctyl phthalate, for example Compounds Nos. 1 and 2 in Tables 
III to V, inclusive, had an objectionable surface bloom. Therefore, if plasti- 
cizer migration is to be eliminated a certain relation between rubber-resin and 
ester plasticizer must be maintained. 

Volume increase data are presented in Figures 6 and 7. Here the Per- 
bunan-35NS 90 and Perbunan-26NS 90 formulate compounds with much lower 
volume swell when held in an aromatic solvent at 75° F than the Perbunan-18 
resin blends. The change in volume may in part be due to the amount of 
dioctyl phthalate in the system. To improve this value lower amounts of 
ester plasticizer could be used (Table VI). However, the products low in 
dioctyl phthalate content are more difficult to process unless the blend contains 
a modified Buna-N type of polymer or a low Mooney Perbunan. The modi- 
fied Buna-N type of polymers are interesting plasticizers for Vinylite (VY NW) 
as long as they contain less than 75 per cent of nitrile. 
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750 RUBBER CHEMISTRY AND TECHNOLOGY 


TaBLeE VI 
PuysicAL PROPERTIES OF EXPERIMENTAL Buna-N RuBBER-VINYL BLENDS 

Stock no. 1 2 

Experimental copolymer No. A-4485 (1,3-butadiene- 

methacrylonitrile, 55/45) 40 pata 

VYNW 60 60 

Dioctyl phthalate 10 10 

VIN 1.2 1.2 

Stearic acid 1.2 1.2 

Sulfur 0.2 0.2 

Benzothiazoy] disulfide 0.2 0.2 

Litharge 0.6 0.6 

Copolymer of 1,3 butadiene-acrylonitrile (60/40) oP 40 
Evaluations 

Mooney viscosity of rubber at 212° F (8 min.) 40 90 

Cure time at 287° F (min.) 15 15 

Tensile (Ib./sq. in.) 4510 4940 

Modulus at 100% (Ib./sq. in.) 3710 2290 

Ultimate elongation (%) 140 280 

Brittle temperature (° F) — 20 —30 
Volume increase (6 days at 75° F in A.S.T.M. 

reference fuel No. 2) + 2.2 + 2.7 
Processing properties (warm mill) Good Poor 


Effects of sulfur and accelerator—A study of compounds Nos. 5 to 8, inclu- 
sive, in Tables I and III shows no advantage in reducing the time of cure by 
increasing the amount of sulfur and accelerator. For example, cure results at 
287° F for compound Nos. 2 and 6 (Tables III and V) were approximately 
the same. 

In the 3-day oven aging study at 250° F, the blends containing large 
amounts of sulfur showed a greater reduction in elongation to break than the 
low sulfur blends. These aging data appear to be the difference found to date 
between high sulfur and low sulfur cures. 


DISCUSSION OF RESULTS ON NONSULFUR CURES 


This work showed that the high sulfur type of cures are not satisfactory 
from a heat aging standpoint. The sulfur cures show a stiffening effect repre- 
sented by an increase in modulus, sometimes termed marching modulus, and a 
decrease in elongation with aging. Therefore, with this information a number 
of loaded blends were made and cured by the use of a small amount of tetra- 
methyl] thiuram disulfide and benzothiazyl 2-monocyclohexyl sulfenamide. No 
elemental sulfur was used. 

To formulate these blends the vinyl masterbatch was usually made on a 
mill or in a Banbury at 300° F. As a second step, the Perbunan-26NS 90 
loaded compound was mill mixed at about 200° F and somewhat later but at 
the same temperature was compounded with the fluxed vinyl masterbatch. 
__ Two experimental blends are given in Table VII. These Paraplex G-25 
plasticized Perbunan-26NS 90-VYNW blends differ in one point. That is, 
compound No. 1 contains 5 parts zinc oxide and compound No. 2 does not; 
this metal oxide is replaced by litharge. The processing property of blend 
No. 2 is indicated by the swell index value, grams per minute/inches per 
minute, of 1.84 and Figure 8 shows the surface appearance of the extruded tube. 

The zine oxide activated blend, even at a concentration of 5 parts, has poor 
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heat aging properties. In contrast to this, the litharge blend is completely 
free from tackiness and not distorted after being held for 14 days at 250° F. 
Also, this aged sample had a brittleness value of —40° F. The results indicate 
that, if zinc oxide must be used in a compound designed for high temperature 
aging, it should be restricted in Perbunan-Vinylite blends to less than 5 parts 
per hundred of Perbunan and the concentration of Vinylite stabilizer should 
be increased. At high temperatures, zinc oxide may react with the polyvinyl 
chloride to form zine chloride and therefore depolymerize the resin. Also, as a 
second point of failure, the tetramethyl thiuram disulfide catalyzes the depoly- 
merization of Vinylite at a faster rate when zinc oxide is present. 


TaBLe VII 
AGING Stupy ON PERBUNAN-26NS 90-VYNW Curep BLENDs 

Stock no. 1 2 

Perbunan-26NS 90 100 100 

Zinc oxide 5 ae 

Stearic acid 1 1 

Philblack 40 40 

P-33 40 40 

AgeRite Resin D 3 3 

Tetramethylthiuram disulfide 3 3 

Benzothiazyl-2-monocyclohexy] sulfen- 

amide 2 2 

Paraplex G-25 20 20 

Litharge sie 5 
Plus vinyl masterbatch 

VYNW 20 20 

Paraplex G-25 15 15 

Basic lead carbonate 0.6 0.6 

Stearic acid 0.3 0.3 
Specific gravity 1.22 1.287 
Cure time at 287° F (min.) 15 30 15 30 
Tensile (lb./sq. in.) 1810 1800 600 940 
Modulus at 300% (lb./sq. in.) 1240 1590 490 640 
Ultimate elongation (%) 480 390 370 340 
Crescent tear at 75° F 190 220 150 160 
Shore durometer hardness (instant) 65 73 59 61 
Brittle temperature (° F) — 50 —50 — 50 — 50 
Extrusion test at 220° F (80 r.p.m., 0.400- 

in. die) original product before cure 

Inches per min. 71 74 

Grams per min. 134 136 

Appearance Smooth Smooth 
A.S.T.M. flame test 

Time of burning (4 inches) (sec.) 80 85 90 110 
Oven aging, 7 days at 250° F. 

Tensile (Ib./sq. in.) 900 870 1530 1790 

Ultimate elongation (%) 10 0 240 290 

Shore durometer hardness (instant) 90 90 64 64 
Oven aging (14 days at 250° F) 

Tensile (Ib./sq. in.) 1240 1640 1620 1800 

Ultimate elongation (%) 0 10 270 300 


Shore durometer hardness (instant) 90 94 65 67 
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Fig. 8.—Extruded tube showing processing property of blend No. 2. 


STABILIZERS AND ACCELERATORS 


This work shows the active part played by the vinyl stabilizer and (or) 
sulfur accelerator in the Perbunan-Vinylite systems. Probably one of the 
most important phases of compounding the synthetic elastomer with Vinylite 
is the selection and use of a suitable accelerator, since this is always reflected 
directly in the properties of the cured blend. For example, and as is known, 
the litharge type blends are slow curing in the tetramethylthiuram disulfide 
formulation, and they have a dark color in a sulfur cure. 

In an attempt to form cured blends with improved color, a number of 
materials or compounds were evaluated. It was hoped that some of the com- 
mercial vinyl stabilizers as well as other test products might activate the 
sulfur-benzothiazoyl disulfide cure at a normal rate. Therefore, Baker’s vinyl 
stabilizer, Stabelan-A (9.17 per cent sodium; 5.21.per cent boron; 7.78 per 
cent calcium; 3.54 per cent phosphorus and 51.33 per cent ash), Vanstay 
(16.67 per cent sodium, 8.33 per cent phosphorus, 0.0011 per cent lead, and 
49.12 per cent ash), barium oxide, sodium borate, Attapulgus Clay E55—44B, 
tin oxide, zinc oxide, and sodium acetate were used. The log of the experi- 
mental work is given in Table VIII. The use of some of these materials as 
vulcanizing aids, however, is apparently new. 

The physical properties as evaluated for tensile strength and modulus are 
better than the same type of uncured blend'*. For example, the uncured 
blend of Table VIII has a tensile strength of 1140 pounds per square inch, 
modulus of 330 pounds per square inch at 100 per cent elongation, and an 
ultimate elongation of 340 per cent. Also, the blocking temperature is im- 
proved if the Perbunan is cured in the Vinylite system. Based on blocking 
values and tensile tests, the results indicate that the vinyl stabilizers can be 
used to activate the cures, as well as Attapulgus Clay, barium oxide, sodium 
borate, tin oxide, and sodium acetate. A number of these materials gave 
light-yellow cured products that were transparent (Figure 9). In this work 
only tin oxide and zinc oxide formulated nontransparent 6 X 6 X 0.075 inch 
test-pads. One important question is light stability. However, work is 
underway on this subject and the results obtained in a 100-hour ultraviolet 
light study are shown in Figure 10. 
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Fie. 10.—Cured synthetic elastomer-polyvinyl resin blends. 
Dark portion of each sample exposed to Sieapteet light at 125° F; p 
lighter portions at edges of samples were covered. ue 
TaBLeE IX “ 
PERBUNAN-35NS 90-SarAN B-115 CurEp BLENDS as 
Saran B-115 100 
Stearic acid 3 tc 
Benzothiazoy] disulfide 1 bl 
Sulfur 1 
Litharge 1.5 
Perbunan-35NS8 90 50 
Paraplex G-25 25 
Specific gravity 1.301 E. 
Cure time at 280° F (min.) , 15 30 60 
Tensile (Ib./sq. in.) 4400 4550 4630 1§ 
Ultimate elongation (%) _ 210 240 240 34 
Crescent tear at 75° F (lb./in.) 460 480 480 ‘T 
Shore durometer hardness (instant) 64 65 66 5) 
Brittle temperature (° F) | —30 —30 —30 : ; 
Moisture vapor transmission ‘] 
General Foods method (g. H:0/100 sq. oF 
in./24 hrs. at 110° F and 95% relative a? 
humidity (0.001-in. film)) 2.3 2.5 2.5 2 Pp 
None None None 13 ¥ 


Burning rate 

















ELASTOMER-POLYVINYL CHLORIDE BLENDS 755 


PERBUNAN-35NS 90-POLYVINYLIDINE CHLORIDE BLENDS 


As mentioned earlier, it seemed desirable to evaluate Perbunan-35NS 90 
as a plasticizer for other vinyl resins. One of the most popular thermoplastic 
resins are the polyvinylidine chloride copolymers known as Saran. Some of 
the present commercial polymers have softening points from 120° to 140° C. 
Like Perbunan-35NS 90, these resins are resistant to most chemicals and aro- 
matic hydrocarbons. It was felt that the plasticization of Saran with Per- 
bunan-35NS 90 would be of interest as Saran presents many fabricating prob- 
lems, due to the fact that it has a narrower softening range than most other 
thermoplastic materials. 

Saran B-115-Perbunan-35NS 90 blends were made by the procedures given 
for preparation of samples, and the results are shown in Table IX. From these 
data it may be concluded that the general properties of cured Perbunan- 
35NS 90-Saran blends are low water permeability, low burning rate, good 
tensile strength and elongation, and interesting low temperature properties. 
The laboratory processing observations indicated that the blends could be 
handled in a factory scale operation. This laboratory is continuing a study 
relating to compounding and processing of such blends. 


SUMMARY 


1. 1,3-Butadiene-acrylonitrile copolymers were mill-mixed with benzothia- 
zoyl disulfide, sulfur, litharge, and vinyl resins, such as Vinylite (VYNW), and 
Saran and cured to compounds with good tensile strength, modulus, hardness, 
solvent resistance, and blocking temperature. 

2. Results show that higher acrylonitrile type of copolymers give cured 
Vinylite-rubber blends with higher tensile strength, higher 100 per cent modu- 
lus, and greater ultimate elongation to break than low acrylonitrile copolymers. 

3. The low temperature properties of the cured blends improve as the 
acrylonitrile content of the synthetic rubber is reduced. 

4. An effective cure at 287° F is obtained in 15 to 30 minutes by using 2 
parts of accelerator and 2 parts of sulfur per hundred parts of 1,3-butadiene- 
acrylonitrile type copolymer-Vinylite blends. Added amounts of sulfur, and 
accelerator did not improve the properties or decrease the cure time at 287° F. 

5. Some of the cured blends studied are free of tackiness at temperatures 
as high as 230° F. 

6. Some stabilizers for vinyls tested as well as sodium acetate can be used 
to activate sulfur cures in 1,3-butadiene-acrylonitrile copolymer-Vinylite 
blends to formulate light-colored transparent products. 
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ACTION OF ORGANIC ACCELERATORS IN 
VULCANIZATION OF RUBBER 


EFFECT OF BASICITY * 


G. D. Kratz, H. H. Youne, Jr., ano IsaAporE Katz 


NoRWALK TIRE AND RuBBER ComMPpANy, NORWALK, CONN. 


When organic compounds were first found to function as accelerators for 
the vulcanization of rubber, Peachey! and others attributed their activity, at 
least in part, to the basicity of the substances employed. Patents, to mention 
but one’, were issued stating that there was a specific order of basic strength 
beneath which accelerating activity would not occur. We have already shown? 
that this is not necessarily true, since acceleration was observed with a weaker 
base than the patent? would have permitted. However, the whole subject has 
been dormant for many years. . 

The results reported here indicate that there is a real correlation between 
accelerating power and basic strength: In a closely related series of compounds, 
e.g., aniline, methylaniline, dimethylaniline, the accelerating power, as meas- 
ured by combined sulfur, is a linear function of the logarithm of the basic dis- 
sociation constant, Ko. 

This relationship has been observed most strikingly with o-, m-, and p- 
phenylenediamines, and with o0-, m-, and p-toluidines. It has been observed 
also with aniline, diphenylamine, and triphenylamine, and with mono-, di-, and 
triphenylguanidines. Guanidine itself does not fall into line, but exhibits a 
behavior comparable with that of sodium hydroxide, which it approaches in 
basicity (approximately 10° to 104 times the phenyl-substituted compounds). 

Resonance in the accelerator molecule exerts an important influence, but 
steric factors may be important also, and the effect of either of these is chiefly 
in contributing to the basicity of the molecule. For each series of substances 
examined as accelerators, the introduction of resonant groups, or the rearrange- 
ment of groups to permit of greater resonance in the molecule, resulted in a 
decrease of its accelerating activity. Speculation as to the mechanism of 
acceleration and the role of the base therein lies beyond the scope of this paper. 

To obtain conveniently measurable results with several series of accelerators 
of widely different activities at the same temperature of vulcanization (298° F), 
it was necessary to employ them in different molar quantities. Thus the 
combined sulfur values (Table I) for the diamines were obtained at 60 minutes 
with 0.04 mole of accelerator, guanidines at 30 minutes with 0.02 mole, the 
methylanilines and toluidines at 90 minutes with 0.01 mole, and the phenyl- 
amines at 90 minutes with 0.04 mole. This procedure precludes a direct com- 

* Reprinted from Industrial and Engineering Chemistry, Vol. 41, No. 2, pages 399-400, February 
1949. This paper was presented before the Division of Rubber Chemistry P the American Chemical 
Society at its semiannual meeting, Cleveland, May 26-28, 1947. Previous papers in this series were 
published by Kratz, Flower, and Coolidge in the Journal of Industrial and Engineering Chemistry, Vol. 12, 
No. 4, pages 317-324, Feb. 1920, and by Kratz, Flower, and Shapiro in the Journal of Industrial and Engi- 
neering Chemistry, Vol. 13, No. 1, pages 67-72, Jan. 1921, and No. 2, pages 128-131, Feb. 1921. The 
present address of G. D. Kratz is the General Latex and Chemical Corporation, New York 18, N. Y.; that 


of H. H. Young, Jr., is the Thompson Chemical Laboratory, Williamstown, Mass.; and that of Isadore 
Katz is Norwich University, Northfield, Vt. 
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TABLE I 
ComBINED SULFUR AND Dissociation ConsTANT Data 
Combined 
sulfur Log Temp. 
(%) Ke Ks X 107% CC 

Phenylamine Series* 

Aniline ; 4.78 38,000 x 10-“ 4.57978 25 

Diphenylamine 3.53 7.1 X 107" 0.85126 25 

Triphenylamine 3.44 5.0 X 107" 0.69897 25 
Methylaniline series? 

Aniline 4.98 3.50 X 107” 4.54407 15-18 

Methylaniline 3.19 2.55 X 107% 4.40654 15-18 

Dimethylaniline 2.83 2.42 X 107% 4.38382 15-18 
Toluidine series¢ 

o-Toluidine 3.25 2.45 X 107% 4.38112 25 

m-Toluidine 4,22 4.91 X 10-” 4.69028 25 

p-Toluidine 5.07 11.80 x 107° 5.07188 25 
Phenylenediamine series4 

o-Phenylenediamine 2.20 2.3 X 10-1 4.36173 21 

m-Phenylenediamine 3.37 6.0 x 107" 4.77815 21 

p-Phenylenediamine 5.70 95.0 x 107" 5.97772 18 
Guanidine series¢ 

NaOH 2.52 

Guanidine 2.26 a ae ee 

Monophenylguanidine 4.71 58.9 X 10-5 10.77012 25 

Diphenylguanidine 4.34 13.2 X 10-5 10.12077 25 

Triphenylguanidine 1.73 1.3 X 10-° 9.11394 25 


¢ Ky calculated from pKa of Hall!: 

+ Ky from Kratz, Flower, and Shapiro’. 

¢ Ky calculated from pKn of Hall and Sprinkle’. 
4 Ky from Landolt-Bérnstein®. 


parison of the accelerating activity of the five series. Since only two of the 
substances employed for examination are of commercial importance, such a 
comparison would be of little practical interest. 


EXPERIMENTAL 


About 100 pounds of good quality No. 1 smoked sheet was blended on a 
60-inch mill, with minimum mixing to effect the blend. Laboratory batches 
for each series consisted of 400 grams of rubber, 30 grams of sulfur, and molecu- 
larly equivalent quantities of the accelerators. A mixing time of eleven 
minutes was employed for each batch, the sulfur and accelerator being thor- 
oughly mixed together and added as such to the rubber when banded on the mill. 

Vulcanization was effected in the usual type of platen press, test slabs being 
approximately 0.10 inch thick, and the temperature held at 298° + 1° F. 
Physical tests were made on a L-6 Scott tester after one-week aging at room 
temperature. Combined sulfurs were obtained by a method previously de- 
scribed’, after acetone extraction for 16 hours in an A.S.T.M. extraction 
apparatus®, 

The accelerators used, when necessary, were purified by redistillation or 
crystallization, and had the following melting or boiling points (in degrees 
centigrade): 

Melting points.—o-Phenylenediamine, 99.0°; m-phenylenediamine, 63.5°; 
p-phenylenediamine, 139.7°; monophenylguanidine, 69.0°; diphenylguanidine, 
147°; triphenylguanidine, 143.7°; p-toluidine, 44.5°. 

Boiling points—Aniline, 184.0°; methylaniline, 192.0°; dimethylaniline, 
192.5°; diphenylamine, 53.0°; triphenylamine, 125.2°; o-toluidine, 200.0°; m- 
toluidine, 202.5°. 
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Table I lists combined sulfurs found, with the logarithms of the dissociation 
constants, Ks, of the accelerators employed. In Figure 1, values for the 
combined sulfurs found are plotted against such logarithms, the latter having 
all been reduced to K, X 107-4. The results are linear for all five series, par- 
ticularly good agreement being found for the methylamines, toluidines, and 
phenylenediamines. 


A-PHENYL AMINES 
B-METHYL ANILINES 

C - TOLUIDINES 
D-PHENYLENE DIAMINES 
E - GUANIDINES 





1 2 3 4 5 6 , = 9 «= 


Fig. 1. 


Combined S (%) 
Log Ke X 1074 


The low combined sulfurs found for guanidine and sodium hydroxide and 
their extremely high Ky values preclude them from tabular or graphic compari- 
son with the other series. 
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FURFURAL PHENYLHYDRAZONE AS CHEMICAL 
SOFTENER FOR GR-S * 


J. C. AMBELANG, G. E. P. Smiru, Jr., anp G. W. GorrscHALK 


Frrestone TrreE & RuBBER Company, AKRON, OHIO 


Before mixing with pigments or fabrication into useful articles, crude rubber, 
whether natural or synthetic, must be plasticized. Whereas natural rubber is 
readily plasticized by milling, GR-S synthetic rubber does not respond readily 
to mechanical breakdown. Hence, the synthetic rubber must be modified 
during polymerization to give a relatively soft polymer, with some loss of 
properties in the vulcanized product; otherwise the tough unmodified polymer 
must be mixed with relatively large proportions of plasticizing oils in com- 
pounding, or plasticized thermally, or plasticized by chemical means. 

Substances which when added in low concentrations to a polymer bring 
about a marked increase in plasticity may be defined as “chemical softeners’. 
They are distinguished from the solvent and lubricant type of plasticizers by 
the characteristic that much smaller amounts of the chemical type are required 
for a given degree of plasticization. Their activity is assumed to be due to 
chemical reaction with the polymer or to catalysis of the breakdown reactions 
of the polymer molecules. 

Chemical softeners for natural rubber have been known for some time!; 
these include hydrazine derivatives, especially phenylhydrazine’, aromatic and 
heterocyclic thiols’ and their salts‘, monothiocarboxylic acids and their deriva- 
tives’, aromatic nitroso compounds®, and acyl peroxides’. Most chemical 
softeners are thought to be either oxidizing agents or oxidation catalysts which 
promote the specific oxidation reactions of rubber so important in the break- 
down of rubber on the mill. The subject has been reviewed recently by Davis’, 
in describing a new class of catalytic plasticizers for GR-S and natural rubber, 
viz., 0,0’-diacylaminodipheny] disulfides. 

Since GR-S is less reactive than natural rubber toward oxygen®, it might 
be expected to require more active chemical softeners, higher concentrations, 
or more severe working conditions. Thus, whereas hydrazones in general 
have been reported to have a weak to moderately strong plasticizing action” 
on natural rubber, the authors found that only a few monoarylhydrazones of 
certain aromatic and heterocyclic aldehydes were effective in GR-S. Although 
p-nitrophenylhydrazine and as-phenylmethylhydrazine have been reported to 
be plasticizers for natural rubber", their furfural derivatives proved to be inert 
in GR-S. Ketone phenylhydrazones appeared to be either inert in GR-S, as 
in the case of benzophenone phenylhydrazone, or to be stiffeners, as, for ex- 
ample, acetophenone phenylhydrazone. Both of these have been mentioned 
by Gumlich” as softeners for a butadiene-styrene copolymer, which, however, 
may not have shown all the properties of GR-S. 

In the authors’ investigations, furfural phenylhydrazone proved to be one 

* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 11, pages 2186-2192, November 


1948. This paper was geared before the Division of Rubber Chemistry of the American Chemical 
Society at its semiannual meeting, Cleveland, Ohio, May 26-28, 1947. 
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of the most active chemical softeners for GR-S. Under certain conditions it 
was even more effective than an equal weight of phenylhydrazine. Benzalde- 
hyde phenylhydrazone has been reported from abroad in recent years as a 
softener for Buna-S and GR-S"“. Furfural phenylhydrazone compares favor- 
ably with the benzaldehyde derivative in activity, and also has advantages in 
availability, cost, and lower melting point. 


EXPERIMENTAL 


The softeners were tested in the dried polymer by milling into the rubber 
according to a standard procedure, the batch size, gauge, time, and number of 
cuts being the same in all cases. The batches were started at a roll tempera- 
ture of 55° to 60° F, and the cooling water was run through the rolls throughout 
the mixing. The relative plasticities of these samples were evaluated by the 
determination of extrusion times with the Firestone extrusion plastometer’*. 
On this instrument, the T-4} value is the number of seconds required for 5 ce. 
of sample to be extruded under 4.25 pounds per square inch pressure, while 
the T-8} value is the extrusion time for the same volume of sample under 8.25 
pounds per square inch pressure. Plasticities were determined immediately 
after mixing and after 18 hours’ heating in an oven at ‘185° F. 

The softeners were added to the latex usually by preparing an aqueous 
dispersion and stirring it into the latex. The most frequently used dispersion 
of furfural phenylhydrazone was prepared by grinding the solid hydrazone in 
a pebble mill with 300 per cent water, 2.0 per cent Darvan No. 1, and 0.2 per 
cent Aquarex D. 

Three coagulation procedures were followed: 


1. Four per cent or stronger aluminum sulfate solution was poured into the 
latex until coagulation was complete. The coagulum was washed on the mill, 
six passes with wash water turned on and three without. The slabs were then 
dried 20 hours at 150° F. 

2. The latex was poured slowly into a rapidly stirred 2 per cent aluminum 
sulfate solution. The resulting crumb was filtered off and dried 2.5 hours at 
240° F. 

3. The latex was poured slowly into a rapidly stirred solution containing 
10 parts of sodium chloride and 5 parts of acetic acid in 100 parts of water. 
The resulting crumb was washed twice by mechanical stirring with water and 
dried 2.5 hours at 240° F. 


The relative plasticities of the resulting polymers were determined with the 
Mooney plastometer. In the study of thermal softening, the Williams plas- 
tometer!® was used because of the necessarily small size of the samples dried 
in the Abderhalden dryer. 


FURFURAL PHENYLHYDRAZONE AS A CHEMICAL SOFTENER 
FOR GR-S TYPE POLYMERS 


Furfural phenylhydrazone softened GR-S effectively after either of the two 
methods of addition, viz., to the dried polymer or to the latex. 

Contact between dry-milled polymer and air appeared to be necessary for 
the softener to function properly. The plasticizing action occurred slowly 
during storage of the polymer-hydrazone mixture at room temperature for 
2 to 4 weeks. Softening was produced much more rapidly during heating in 
a forced-circulation air oven or during mastication in a heated Banbury, but 
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very little softening action was observed if the mixture was heated in a press 
(Table I). Two per cent of furfural phenylhydrazone, milled into the polymer, 
decreased the extrusion time over 60 per cent after 18 hours’ oven heating at 
185° F or after 10 minutes in the oven at 325° F. Two per cent of the hydra- 
zone decreased the extrusion time by 40 per cent after hot mastication in a 
Banbury mixer. Although hot mastication was shown to soften the polymer, 
the resulting improvement in plasticity obtained by this method was lost in 
subsequent compounding; hence this treatment was not considered advan- 
tageous. 

The activity of this softener at temperatures as low as room temperature 
was in marked contrast with the activity of 0,0’-diacylaminodipheny] disulfides, 
which seem to function slightly around 240° F, and rapidly® around 300° F 


TABLE I 


FURFURAL PHENYLHYDRAZONE AS A HEAT-SOFTENING CATALYST 
FoR Dry-MILLED GR-S PoLyMER 


Softener added on the mill 














Initial extrusion Extrusion plasticity eae 
plasticity values after 18 a ours at 185 
a Soften- © Soften- - 
T-4} ing T-4} in 
Polymer (sec.) (%) (sec.) (A 
1 GR-S+2% furfural phenylhydrazone 59 10 67 63 
2 Blank 65 rs 182 
After 10 minutes at 325° F 
Soften- Soften- 
In ing In ing 
press (%) oven (%) 
3 GR-S+2% furfural phenylhydrazone 33 41 30 9 13 73 
4 Blank 56 ie 53 a 49 


Softener added in Banbury, 10 minutes, at 280° F 
Initial extrusion plasticity values 








: Soften- 
Final Banbury T-4} ing 
temp. (° F) (sec.) (%) 
5 GR-S+2% furfural phenylhydrazone 291 20 40 
6 Blank 273 33 ae 
7 Untreated GR-S ie 66 


2 Firestone plastometer!’. 


The low temperature activity of furfural phenylhydrazone made possible 
another more advantageous method of mixing and heat softening. The hydra- 
zone was dispersed in the polymer latex, and the softening action then took 
place in the oven during drying of the polymer. Air again appeared to be 
necessary, as no softening could be observed when the samples were dried in a 
vacuum (Table II, Figure 1). Gumlich, who previously reported the use of 
benzaldehyde phenylhydrazone'® in Buna-S latex, aerated the latex-phenyl- 
hydrazone mixture. In the present work with furfural phenylhydrazone, the 
aeration step appeared to be unnecessary when the coagulum was dried in air. 

The plasticity of the polymer in most cases increased with the concentration 
of softener up to 4 per cent on the rubber. Higher concentrations were not 
run, since the polymers then tended to become too sticky for convenient 
handling. 
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TABLE II 


EFFECT OF AIR ON THE SOFTENING ACTION OF FURFURAL PHENYLHYDRAZONE 
AppEp To GR-S LaTex? 


Williams 
plasticity values 
Y3 at 212° F (mm.) 





High Mooney GR-S " Dried Dried _ 
(ML4/212 = 136) in air in vacuo> 
Polymer 

9 1.6% furfural phenylhydrazone 3.83 5.09 
3.75 5.45 
Av. 3.79 5.27 
8 Blank 5.10 5.70 
5.09 5.47 
Av. 5.10 5.59 
11 1.6% furfural phenylhydrazone+5% pyrogallol 4.50 5.12 
4.63 5.40 
Av. 4.57 5.26 
10 5% pyrogallol 7.01 6.65 
3 ’ 6.84 6.70 
Av. 6.92 6.68 


@ Furfural Speier tenm was added as an aqueous dispersion, pyrogallol as an aqueous solution, 
to the latex. he latices were then coagulated with 2% aluminum sulfate solution and dried 2.5 hours 
at 240° F. 

+ Dried in vacuo in an Abderhalden dryer at 1- to 2-mm. pressure. 


The softener was found to be effective in all samples of GR-S tested, 
although for a given Mooney value a low conversion polymer (60 per cent) 
was softened more easily than a high (72 per cent) conversion polymer (Table 
III, and Figure 2, polymers 12 and 13). 

When furfural phenylhydrazone was added to the latex, the softening 
action produced by the chemical softener appeared to be substantially com- 
pleted by the time the coagulated polymer was dried. Samples of high Mooney 
GR-S latex, both with and without furfural phenylhydrazone, were coagulated, 
both with aluminum sulfate and with sodium chloride and acetic acid. After 
drying 2.5 hours at 240° F, the polymers were subjected to a thermal plastici- 
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Fig. 1.—Effect_of air on softening action of furfural phenylhydrazone. 
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Fic. 2.—Effect of concentration of furfural phenylhydrazone on the elasticity of GR-S. 


TABLE IIT 


EFFECT OF CONCENTRATION OF FURFURAL PHENYLHYDRAZONE ON THE PLASTICITY OF 
GR-S PotyMers or VARYING INITIAL PLASTICITY 








Polymeri- Percentage of furfural phenylhydrazone 
zation added to latex 
conversion aa — ~ 
Polymer (%) 0 0.5 1.0 1.5 2.0 3.0 4.0 
Mooney plasticity / values, ML4/212 

12 72 ‘190 =«..:=S158ti.sti‘zSSOté« 
13 60 136 ms 71 rs 36 21 12 
14 77.6 87 at 70 ~~ 41 oe Y 
15 73 72 60 45 32 24 
16 75 52 45 36 32 26 


“ Coagulated with 2% aluminum sulfate and dried 2.5 hours at 240° F. 


TABLE IV 


THERMAL SOFTENING OF High Moonry GR-S¢ ContTalINnING 
FuRFURAL PHENYLHYDRAZONE 








Furfural 

phenyl- Initial Oven heated at 280° F 

hydra- Mooney (minutes) 

zone Coagu- value, r A — 
Polymer (%) lant ML4/212 0 15 30 45 60 
Williams plasticity values 
Y3 at 212° F (mm.) 

17 1 S.A.° 39 2.56 2.09 1.58 1.55 1.47 
18 0 S.A.® 53 433 2.25 1.54 1.538 1.88 
19 1 Alum.¢ 65 3.49 281 2.27 1.938 1.66 
20 0 Alum.¢ 130 5.33 5.09 4.30 3.50 3.03 


2 All samples from same latex, 60% conversion, crumb, dried 2.5 hours at 240° F. 
+’ Coagulated with 10% sodium chloride and 5% acetic acid. 
¢ Coagulated with 2% aluminum sulfate. 
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zation treatment by heating in an oven at 280° F. The behavior of the samples 
was followed by means of the Williams plastometer (Table IV and Figure 3). 
It appeared that, after the initial chemically catalyzed softening was complete, 
the furfural phenylhydrazone did not catalyze the subsequent thermal soften- 
ing of the dried polymer. In the alum-coagulated polymer, the rate of thermal 
plasticization was unaffected by the hydrazone, although the polymer con- 
taining it was softer than the blank, before and after the high temperature 
heating. In the salt acid-coagulated polymer, the hydrazone-containing 
sample appeared to have been rapidly softened during the drying period of 
2.5 hours at 240° F. The salt-acid coagulated blank softened only slightly 
during the drying period, but was thermally softened during subsequent heating 
at 280° F, so that both salt acid-coagulated samples reached the same-ultimate 
plasticity after half an hour at 280° F. 





,» we SS ww @ 
sg 





° 





S 30 45 60 
MINUTES HEATED IN AIR AT 260°F 


Fig. 3.—Thermal softening of high Mooney GR-S containing furfural phenylhydrazone. 


Polymer 20, GR-S blank, alum-coagulated. 
Polymer 19, GR-S with 1% furfural phenylhydrazone, alum-coagulated. 
4 Polymer 18, GR-S blank, salt acid-coagulated. 
© Polymer 17, GR-S with 1% furfural phenylhydrazone, salt acid-coagulated. 


The initial Williams plasticity values indicated that 1 per cent of furfural 
phenylhydrazone lowered the Y; value about 1.8 mm. during the drying period 
of 2.5 hours at 240° F with either alum or salt-acid coagulation. Although it 
was difficult to dissociate the chemical and heat softening in a single sample, 
the data indicated that the furfural phenylhydrazone was about equally 
effective with alum and salt-acid coagulation, although the salt-acid polymer 
was the softer, all other conditions being the same. This statement should be 
considered valid only for the type of polymer used in the above experiment. 
Certain special types of polymers were not softened by furfural phenylhydra- 
zone unless the polymer was coagulated by salt-acid. However, these were 
exceptional, and alum coagulation was used throughout this study unless 
otherwise indicated. 

TABLE V 


EFFEcT oF AGING ON Puasticiry oF High Mooney GR-S PoLyMER 
SOFTENED WITH FURFURAL PHENYLHYDRAZONE 


(Mooney plasticity values, ML 4/212) 


Furfural phenyl- 
hydrazone added 
to polymer 3 1 2 4 8 
Polymer as latex (%)¢ Initial Days Week Weeks Weeks Weeks 
21 2.5 30 32 28 33 34 42 
22 1.6 44 49 50 50 57 66 
23 See 138 138 133 134 135 135 


* Coagulated with 2% aluminum sulfate and dried 2.5 hours at 240° F. 
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i] 2 3 4 5 6 7? e 
WEEXS STORED AT ROOM TEMPERATURE 
Kia. 4.—Effect of aging on plasticity of GR-S softened with furfural phenylhydrazone. 


It has been reported that the German heat-softened Buna-S had to be 
compounded within 24 hours, or at most within a week of the softening opera- 
tion, or the thermal plasticization had to be repeated'!?. However, polymers 
softened with furfural phenylhydrazone retained their plasticities for a much 
longer period. Data in Table V and Figure 4 indicated that 3 to 4 weeks 
elapsed before a measurable stiffening was observed. 


CHEMICAL NATURE OF THE REACTION PRODUCING SOFTENING 
OF GR-S TYPE POLYMERS 
The cause of the high softening action of aromatic and heterocyclic alde- 
hyde monoarylhydrazones is not yet clear. This type of compound, e.g., 


TaBLeE VI 


PHENYLHYDRAZINE AND FURFURAL PHENYLHYDRAZONE AS CHEMICAL 
SOFTENERS IN Hicu-Moonety GR-S 


Mooney plasticity values 
ee @ 





cr 


Soften- 
Polymer — i pg aotheg oguel ML4/212 MS4/212 (%) 
24 2.0 g. (0.019 mole) phenylhydrazine® 95 - 21 
25 2.0 g. (0.011 mole) furfural phenylhydrazone?® 31 i 74 
26 ~=>—- Blank 121¢ 67 ~~ 
27 1.2 g. (0.011 mole) phenylhydrazine a7 43 41 
28 2.0 g. (0.011 mole) furfural phenylhydrazone4 22 oa 83 
29 Blank 130° 72 
30 1,2 g. (0.011 mole) phenylhydrazine* 82 . 40 
31 1,2 g. (0.009 mole) p-nitrophenylhydrazine/ 121 Ef 11 
32 2.0 g. (0.011 mole) furfural phenylhydrazone* 67 a 51 
33 Blank 136 aa 


* Coagulated with 2% aluminum sulfate and dried 2.5 hours at 240° F. 
+ Added as an emulsion containing toluene as solvent for softener. 

¢ Calculated from MS4/212. 

4 Added as an aqueous suspension. 

¢ Added as an alcohol solution, some precoagulation observed. 

/ Added as a dioxane solution, some precoagulation observed. 
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TaBLe VII 
FURFURAL ARYLHYDRAZONES IN GR-S* 

Mole of Mooney 

hydrazone plasticity 

in 100 grams values, 

Polymer Hydrazone polymer ML4/212 
34 Furfural phenylhydrazone 0.011 38 
35 Furfural p-bromophenylhydrazone 0.0075 44 
36 Furfural 1-naphthylhydrazone 0.0085 45 
37 Furfural phenylmethylhydrazone 0.010 60 
38 Blank ik 60 
39 Furfural phenylhydrazone 0.011 26 
40 Furfural p-n‘trophenylhydrazone 0.0087 67 
41 Blank wee 66 


®2 grams of hydrazone added in alcohol solution per 100 grams of polymer as latex. Latex coagu- 
lated with 2% aluminum sulfate and coagulum dried 2.5 hours at 240° F. 


furfural phenylhydrazone, is more effective in latex than is phenylhydrazine 
itself (Table VI); hence the softening action probably cannot be attributed to 
phenylhydrazine released by hydrolysis. 

The greater solubility of the hydrazone softener in the rubber hydrocarbon 
may be a partial explanation for its greater activity, compared with phenyl- 


TaBLeE VIII 


PHENYLHYDRAZONES OF VARIOUS ALDEHYDES AND KETONES AS 
SorreNERs IN GR-S¢ 


Mooney plasticity values 
= * 





c 





Soften- ML4/212 Soften- 
ML4/212 ing after 18 hours ing 
Polymer Phenylhydrazone initial (%) at 185° F (%) 
42 Furfural 25 0 6 78 
43 Benzophenone 25 0 26 4 
44 Acetophenone 34 —36 45 — 67 
45 Blank 25 27 aS 
Extrusion — values? 
T-44, Soften- after * Soften- 
initial ing at 185° F ing 
(sec.) (%) (sec.) (%) 
46 Salicylaldehyde 16 27 39 59 
47 (Phenyl- 
hydrazine) 14 35 39 58 
48 Blank 22 = 98 o 
49 Furfural 59 10 67 63 
50 Blank 65 Fics 182 < 
51 Butyraldehyde 29 —5§ 39 —40 
52 Benzaldehyde 26 7 13 53 
53 Blank 28 ia 23 aoe 
54 Crotonaldehyde 25 40 93 —76 
55 Acetone 212 —410 479 —800 
56 Furfural 43 —3 45 14 
57 Blank 41 a 53 ae 


@ 2 grams of each hydrazone milled into 100 grams of regular GR-S, each mixing according to a stand- 


ard milling procedure. 
> Firestone extrusion plastometer". 
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hydrazine. Phenylhydrazine itself would be more soluble in water and have 
a less favorable distribution coefficient and hence might be lost partially to the 
serum during coagulation of the latex. Also its greater volatility would mean 
that it would tend to evaporate during drying of the coagulum. From Table 
VII it appears that the crystalline p-nitrophenylhydrazone, which is difficultly 
soluble in organic solvents, is inert, while the more soluble, difficult to crystal- 
lize p-bromophenylhydrazone and 1-naphthylhydrazone are very active. 

The failure of furfural phenylmethylhydrazone to soften the polymer is 
assumed to indicate that only mono-substituted hydrazine derivatives are 
capable of plasticizing GR-S type polymers. 

From Table VIII it is apparent that: 


Aliphatic aldehyde phenylhydrazones have a stiffening action after heating 
of the polymer-phenylhydrazone mixture. 

Ketone phenylhydrazones are either inert or have a definite stiffening 
action. 

Aromatic and heterocyclic aldehyde phenylhydrazones generally soften the 
polymer during the application of heat. ; 

The monoarylhydrazones of aromatic and heterocyclic aldehydes appear to 
be effective softeners for GR-S when added to the latex or when mixed into the 
dried polymer and heated; however, the term monoarylhydrazones must be 
qualified to exclude derivatives of p-nitrophenylhydrazine. 

The data in Table II and Figure 1 indicate that furfural phenylhydrazone 
functions as a softener only in the presence of oxygen. The plasticization is 


TaBLE IX 


FURFURAL PHENYLHYDRAZONE AS A SOFTENER FOR GR-S TreEapD Srocks 
(Furfural phenylhydrazone added to dried GR-S polymer) 





ABCEFH DGI 
GR-S 100.0 100.0 
EPC black 45.0 45.0 
Zine oxide 2.4 2.4 
Sulfur 1.7 1.7 
Accelerator (N-cyclohexylbenzothiazole sulfenamide) 1.2 1.2 
Antioxidant (phenyl-2-naphthylamine) 0.6 0.6 
Softener oils 6.9 8.9 
Furfural phenylhydrazone 2.0 0.0 
159.8 159.8 
Extrusion plasticity values 
Commpennd. I a 
(sec.) (sec.) 
A Straight mix 3.6 
B Polymer plus furfural phenylhydrazone aged 14 days 1.8 
C Polymer plus furfural phenylhydrazone milled 5 min- 
utes at 260° F 4.0 , 
D_ Control 3.8 
E ‘Polymer plus furfural phenylhydrazone, mill mixed, 
aged 14 days 3.4 
F Polymer plus furfural phenylhydrazone, Banbury 
mixed, aged 14 days 3.0 
G_ Control 5.4 
H Polymer plus furfural phenylhydrazone, hot Ban- 
bury mixed, 10 minutes at 280° F 3.2 19.8 
I Control 3.2 66.1 





TENT 
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TABLE X 


PROPERTIES OF VULCANIZATES 
(Polymer containing 2% furfural phenylhydrazone aged 2 weeks before compounding) 
































Normal properties Oven aged 4 | days at 212° F 
Cured at Cucedet j.- ©. “Cured at : 
280° F P G 280° F 
(min.) B control (min.) E F control (min.) E F control 
Modulus at 300% Modulus at 300% Modulus at 300% 
(Ib./sq. in.) (lb./sq. in.) (Ib./sq. in.) 
30 675 275 20 875 825 550 20 2200 2100 2000 
60 850 675 40 1100 1100 1025 40 isc ice Coins Re 
90 950 825 80 1000 1000 900 80 ee 
120 900 900 160 1050 1025 950 160 2300 .... 2100 
Tensile strength ‘Tensile strength Tensile strength 
(lb./sq. in.) (Ib./sa. in.) (Ib./sq. in.) 
30 2650 1800 20 2475 2550 2200 20 2300 2100 2100 
60 2750 2700 40 2275 2625 2200 40 2000 2200 2150 
90 2525 2650 80 2325 2650 2450 80 2250 2125 2000 
120 2725 2440 160 2400 2700 2375 160 2450 2175 2100 
Elongation at Elongation at Elongation at 
reak (%) break (7%) : break (%) 
30 735 810 20 570 600 670 20 ; 310 300 315 
60 645 620 40 460 550 440 40 240 270 290 
90 580 610 80 480 550 540 80 300 260 240 
120 610 560 160 490 550 500 60 315 280 300 
Cut growth (inch) 
A setting 30 min. at room temp. 
E F control 
Cured at 
280° F for 80 min. 0.55 0.55 0.71 
298° F for 80 min. 0.73 0.57 0.83 


3-lb. penetration (inch) 





Firestone flexometer” 
250-lb. load, 0.3-inch throw, 
cured at 280° F for 80 min. 








Cold 0.51 0.51 0.49 
Hot 0.75 0.71 0.70 
Deflection (%) 
“21.3 20.0 20.0 
Running temp. (° F) 
"274 271.272 


then probably attributable to selective oxidation of the polymer, catalyzed by 
the phenylhydrazone. The differences observed between phenylhydrazones, 
some of which are stiffeners rather than softeners, can be explained only after 
further study. Selective oxidation may produce oxygen-catalyzed polymeri- 
zation and cross-linking, as well as dissociation and chain scission®. 

The mechanism of peptization of natural rubber by hydrazines has been 
discussed by Williams’. The activity of phenylhydrazine was attributed to 
chemical activity, part of which involved oxidation catalysis. Both chain 
scission and molecular dissociation were proposed as results of oxidation leading 
to softening of the polymer. 
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FURFURAL PHENYLHYDRAZONE AS A CHEMICAL SOFTENER 
FOR GR-S TREAD STOCKS 


The technological interest of furfural phenylhydrazone depends as much 
on its ability to improve the processing qualities of a compounded rubber as on 
its ability to soften the crude polymer. Certain other chemical and physical 
treatments were found to increase the plasticity of the GR-S type polymers, 
but after the reinforcing and curing ingredients had been incorporated, the 
measured plasticities in many instances were no better than the control value 
for the stock prepared from untreated GR-S, similarly compounded. 

Furfural phenylhydrazone has been used to produce an uncured GR-S tread 
compound of markedly improved plasticity. Two methods of bringing about 
this effect were found: 


1. Approximately 2 per cent of furfural phenylhydrazone was incorporated 
into the polymer on the mill or in an internal mixer. The polymer was then 
stored for 2 weeks at ordinary temperatures before adding the other pigments. 

2. One to 4 per cent of furfural phenylhydrazone was dispersed in the latex, 
which was then coagulated and the polymer dried in the usual way. 

Polymers softened by other methods generally were found to be ineffective 
in producing tread compounds of improved plasticities. 

The second method was the more advantageous since the only added 
operation was the dispersion of furfural phenylhydrazone in the latex, while 
the first involved an additional milling or mixing operation and a storage 
period, both of which would be objectionable in large scale practice. Further- 
more, the second procedure was as readily adaptable to high Mooney polymers 
as to regular GR-S, so they could be softened to equal the plasticity and 
processability of the latter while retaining most of the superior vulcanizate 
properties of high molecular weight polymers”. 

The results of various mixing procedures for furfural phenylhydrazone in 
standard 50 Mooney GR-S are presented in Table IX and Table X. It was 
apparent from a comparison of stocks A, B, and D that addition of furfural 
phenylhydrazone without aging the polymer-softener mixture had no effect 
on the plasticity of the compound, while a 14-day aging period reduced the 
extrusion time of this compound by 50 per cent. From stocks B and C it 
appeared that hot milling could not be substituted for aging, and from stock, 


TABLE XI 


FURFURAL PHENYLHYDRAZONE AS A SOFTENER FOR GR-S TREAD Stocks 


(Furfural phenylhydrazone added to regular GR-S latex") ” 


J K L control 
GR-S 100.0 100.0 100.0 100.0 
EPC black 45.0 45.0 45.0 45.0 
Zinc oxide 2.4 2.4 2.4 2.4 
Sulfur 1.7 1.7 1.7 1.7 
Accelerator (N-cyclohexylbenzo- 
thiazole sulfenamide) 1.2 1.2 1:2 12 
Antioxidant (phenyl-2-naphthyl- 
amine) 0.6 0.6 0.6 0.6 
Softeners Fok 8.1 8.6 9.1 
Furfural phenylhydrazone 2.0 1.0 0.5 me 
160.0 160.0 160.0 160.0 


Extrusion plasticity values, T-8}, 
seconds 15.4 19.2 25.4 26.2 
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TaBLE XI.—Continued 


Properties of vulcanizates 


Cured at 
280° F M 
(min.) J control 


Modulus at 300% (lb./sq. in.) 


= ‘ 





Normal properties 














20 725 575 
40 775 550 
80 800 895 
160 975 975 
Tensile strength (lb./sq. in.) 
20 1800 1400 
40 1600 1725 
80 1875 1475 
160 1550 1500 
Elongation at break (%) 

"20 560 550 
40 510 600 
80 540 640 

160 460 450 

Oven aged 4 days at 212° F 
Tensile strength (lb./sq. in.) 
40 1425 1475 
80 1575 1250 
160 1450 1300 
Elongation at break (%) 

"40 190 220 
80 220 220 

160 220 220 


Cut growth’ (inch) 
A setting, 30 min. at room temp. 
A. 





Normal properties 











Cured at 
280° F for 80 min. 0.20 0.31 
298° F for 80 min. 0.23 0.55 
3-lb. penetration (inch) 
Firestone flexometer™, 250-lb. load, 0.3-inch 
throw, cured at 280° F for 80 min. 
Cold 0.48 0.45 
Hot 0.80 0.77 
Deflection (%) 
" 24.0 21.3 
Running temp. (° F) 
288 276 
@ Coagulated with aluminum sulfate, washed and sheeted on the laboratory mill, and dried 20 hours 


at 160° F. 


H and I that hot mastication of the GR-S polymer containing furfural phenyl- 
hydrazone in a Banbury mixer was likewise ineffective in increasing the plas- 
ticity of the compound. Extrusion plasticities of the polymers here illustrate 
that a softened polymer does not necessarily yield a softened compound. The 
plasticities of stocks E and F indicated that furfural phenylhydrazone could 
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be added either on the mill or in a Banbury mixer with equally good results if 
the mixed polymer was allowed to stand 14 days before complete compounding. 
Physical properties of the vulcanizates showed that, apart from a slight accel- 
eration of the cure, no great alteration had occurred. 

The second method of adding furfural phenylhydrazone, by dispersing in 
the latex, gave comparable results. The softening action occurred during the 
drying of the coagulum rather than during the two-week storage period re- 
quired when the softener was mixed into the dried polymer. In this method, 
as in the first, 2 per cent of the phenylhydrazone in regular alum-coagulated 
GR-S increased the plasticity of the compounded stock from that of the 
standard GR-S control by about 40 per cent. One per cent of softener had a 
scarcely measurable effect. The softener was found to increase the rate of 
curing but had no great effect on the normal properties of the vulcanizate 
(Table XI). 

The superior vulcanizate properties of high molecular-weight rubbers were 
known at an early date, but the difficulties in processing high molecular-weight 
butadiene-styrene copolymers led to the adoption of 45-55 Mooney as the 
specification plasticity for GR-S. This represents nearly the maximum molec- 
ular-weight polymer whose workability makes possible rapid processing in the 
tire plant. If, however, an initially high molecular-weight polymer can be 
made processable by mechanical, chemical, or thermal plasticization, a part at 
least, of the advantageous properties of the high molecular-weight polymer 
can be obtained. Mechanical plasticization, although an effective process with 
natural rubber, is not practical in the factory with GR-S type synthetic rubbers. 
Thermal plasticization was the means employed by the Germans to make 
Buna-S processable. Furfural phenylhydrazone is a chemical plasticizer which 
can be used in high Mooney GR-S or Buna-S for this purpose. By adding 
furfural phenylhydrazone to the latex, the softening and drying are effected 
simultaneously, and no separate plasticizing operation is involved. In this 
way, 72 Mooney alum-coagulated GR-S was softened to 47-48 Mooney in a 
plant run by addition of 1 per cent of furfural phenylhydrazone. Laboratory 


TABLE XII 


LABORATORY PROCESSING TEST ON HicgH-Moonrty GR-S SorreneD WITH FURFURAL 
PHENYLHYDRAZONE ADDED TO THE LATEX? 


High- 50- 
Mooney Moone 
control contro 
N P 
High-Mooney GR-S + 1% furfural phenyl- 
hydrazone 100.0 0.0 0.0 
High-Mooney GR-S 0.0 100.0 0.0 
Regular GR-S 0.0 0.0 100.0 
HMF black 53.0 53.0 53.0 
Zinc oxide 2.4 2.4 2.4 
Sulfur 1.7 1.7 1.7 
Accelerator (N-cyclohexylbenzothiazole 
sulfenamide) 1.0 1.0 1.0 
Antioxidant (phenyl-2-naphthylamine) 0.6 0.6 0.6 
Softener oils 7.6 7.6 7.6 
Mooney plasticity value for polymer 
14/212 47.5 71.8 50 
Mooney plasticity value for compound 
ML4/212 61 75 55 
Tubing test, Royle tuber Garvey rating”! 13 15 13 
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Taste XII.—Continued 


Properties of the vulcanizates 


High- 50- 
Cured at Mooney Moone 
280° F control contro 
(min.) N O P 


Modulus at 300% (b./sq. in.) 





Normal properties 














30 950 975 325 

60 1150 1450 900 

90 1250 1550 1005 
Tensile strength (Ib./sq. in.) 

30 2350 2425 1250 
60 2425 2525 2325 
90 2525 2625 2300 

Elongation at break (%) 
30 620 550 740 
60 550 500 640 
90 540 470 570 
Oven aged 4 days at 212° F ; 
Tensile strength (ib./sq. in.) 

“30 2000 1925 1550 
60 2050 1950 1750 
90 2000 1950 1850 

Elongation at break (%) 

“30 240 240 220 
60 260 250 230 
90 270 240 260 


Cut growth (inch) 
B setting, 60 min. at room temp. 
A 





Normal properties ; 
Cured at 280° F for 60 min. 0.55 0.63 0.47 


B setting, 10 min. at room temp. 
A 


- a 





Aged 4 days at 212° F 
Cured at 280° F for 60 min. 0.24 0.43 0.41 


3-lb. penetration (inch) 


—— —  —  , 


Firestone flexometer!, 250-lb. load, 0.3-inch 
throw, cured at 280° F for 80 min. 








Cold 0.47 0.47 0.54 
Hot 0.62 0.57 0.72 
Deflection (%) 
19.3 17.3 23.3 
Running temp. (° F) 
: 265 258 280 
@ Coagulated with aluminum sulfate and dried 2.5 hours at 230° to 240° F, both processes in factory 
equipment. 


processing tests indicated that the polymer checked closely with GR-S in 
plasticity and tubing characteristics. The polymer was satisfactorily processed 
in the factory and made into tire treads. Vulcanizate properties were inter- 
mediate between those of regular GR-S and unsoftened 72 Mooney GR-S. 
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The result was a rubber equal to regular GR-S in processing characteristics, 
but higher in modulus, in normal and aged tensile strength, in aged elongation, 
and in aged crack-growth resistance. Data are presented in Table XII. 

Higher molecular-weight GR-S type polymers have been shown to give 
better tread wear”, but have not come into general use in this country because 
of processing difficulties and the impracticability of heat-softening on a large 
scale. The addition of the chemical softener, furfural phenylhydrazone, is a 
means of obtaining a high molecular-weight polymer in a state of processibility 
comparable to that of regular GR-S. 


SUMMARY 


Monoarylhydrazones of aromatic and heterocyclic aldehydes corresponding 
to the following formula have been found to be effective chemical softeners 
for GR-S: 

Ar—NH—N=CH—X 
where Ar = aryl, exclusive of nitro-substituted aryl radicals, and X = furyl, 
phenyl, or o-hydroxyphenyl. 

Furfural phenylhydrazone has been shown to be one of the most active 
softeners for GR-S, as well as one of the most readily available materials of 
this type. 

Softening of GR-S type polymers has been accomplished by several different 
methods: by incorporating the hydrazone into the dried polymer and either 
aging or baking the mixture in air, and by dispersing the hydrazone in the 
latex, whereby softening and drying may be effected simultaneously. 

The method of adding the hydrazone to latex has been found satisfactory 
for all polymers examined of normal plasticity varying from 50 to 180 Mooney 
(ML4/212), and can be used with either salt-acid or alum coagulation in most 
cases. 

The effects of plasticization have been shown to persist from 3 to 4 weeks 
before stiffening of the polymer becomes apparent. 

The softening of GR-S polymers carried out in either of these two ways 
persists throughout compounding, so tread stocks of improved plasticity are 
obtained. 

High-Mooney GR-S polymers softened to a Mooney value of 50 (ML4/212) 
process about as readily as standard 50 Mooney GR-S, yet the vulcanizates 
approach more closely in properties of the high Mooney GR-S vulcanizates— 
that is, they possess higher aged tensile strength and elongation, higher aged 
crack-growth resistance, and lower running temperature. 
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EFFECT OF MOISTURE VARIATIONS ON 
CURING RATE OF GR-S * 


Ian C. Rusu anp S. C. KItBANK 


CANADIAN SYNTHETIC RuBBER LimITED, SARNIA, ONTARIO, CANADA 


Variations which are beyond experimental error have occurred in the rate 
of curing of GR-S control and production lot samples tested in this laboratory. 
It is believed that other laboratories in the synthetic rubber industry have 
encountered similar variations. Changes in the moisture content of the com- 
pounded stock at the time of curing have been suspected of causing the fluc- 
tuations in the rate of curing. Several papers! on the effect of moisture on 
the rate of curing of GR-S have dealt largely with relatively high moisture 
contents. However, this investigation was undertaken to correlate the 300 
per cent modulus with the moisture contained in the stock at the time of cure. 

Rupert and Gage? observed that, in testing a large master batch of GR-S 
at intervals, variations in the rate of curing and modulus values beyond experi- 
mental error occurred without any apparent relation to time of standing. The 
same authors have shown that both GR-S raw polymer and compounded stock 
absorbs or adsorbs moisture from the air, the amount depending on the humid- 
ity of the air. 

Braendle and Wiegand* have shown that the moisture content of rubber- 
grade carbon black during storage can vary from 0 to 4 per cent. Samples of 
black taken in this laboratory between December 1946 and March 1947 varied 
from 0.2 to 2.5 per cent moisture. Under the same conditions at which the 
black contained 1.0 per cent moisture, the other pigments (sulfur, zine oxide 
and mercaptobenzothiazole) each contained roughly 0.7 per cent moisture. 

Two previous papers‘ have shown that the moisture retained in a mixed 
batch varies in proportion to, but is less than, the moisture added to dry 
pigments. Both authors, however, used relatively inaccurate means to deter- 
mine the water retained, and were interested in higher moisture contents than 
mixed batches would normally contain. | 


COMPOUNDING, CURING, AND TESTING 


The polymers used were a control sample, X-346, and a typical production 
lot, S-2503. These samples were analyzed chemically as follows: 


S-2503 X-346 
(Percentage) (Percentage) 
Total ash 0.65 0.40 
Soluble ash 0.53 0.22 
Free soap 0.14 0.21 
Free fat acid 4,92 4.68 
Ethanol-toluene extract. 7.56 7.35 
Bound styrene 23.4 23.1 
Stabilizer 
Diphenylamine (BLE) 1.63 
Phenyl-8-naphthylamine (PBN A) 1.50 


* Reprinted from Industrial and Engineering Chemistry, Vol. 41, No. 1, pages 167-171, January 1949. 
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To ensure uniformity of moisture content, these polymers were cut into 
0.5-cubic inch pieces and stored in desiccators over Drierite for 48 hours before 
compounding. Mixing was done on a 6 X 12-inch mill (gear ratio 1 to 1.4). 
The Office of Rubber Reserve official recipe was used: GR-S, 100 parts; carbon 
black, 50 parts; BRT No. 7 (softener), 5 parts; zine oxide, 5 parts; sulfur, 
2 parts; and mercaptobenzothiazole, 1.5 parts. This recipe was multiplied 
by four to give the batch weights in grams. The BRT No. 7 was melted at 
175° F for 30 minutes before being used. All other pigments were dried in a 
forced draft oven at 175° F for 48 hours. (No change in weight was observed 
after 24 hours at this temperature.) When increased moisture was desired, 
it was added immediately before the pigments were incorporated in the com- 
pound. Samples compounded dry were rested over Drierite. Those with 
moisture added were rested in a 42 per cent relative humidity atmosphere 
provided by an excess of potassium carbonate crystals in distilled water’. It 
would have been ideal if each sample could have been stored in an atmosphere 
which would not affect its moisture content. With samples of many different 
moisture contents, this obviously was not practical. The mixing and milling 
procedure was that specified for government synthetic rubbers, and has been 
fully described in a previous paper*. Curing was at 292°+0.1°F. This 
was determined by using a calibrated thermometer placed in a thermometer 
block. The thermometer was graduated to 0.2° C, and was read through a 
low powered telescope. The second set of slabs was cured 3 hours after the 
first set. The conventional dumbbell specimens were tested on an L-6 Scott 
machine modified for increased accuracy®. 

All moisture percentages herein reported are based on the weight of polymer. 


MOISTURE DETERMINATION 


The difficulty of accurately determining the absolute moisture content of 
compounded uncured GR-S is obvious. The hot-mill method used for mois- 
ture in raw polymer is not sufficiently sensitive, nor does it determine absolute 
moisture. The heating methods used by many investigators both cure the 
compound and fail to discern between moisture and the volatile components 
of the softener. For these reasons, the Karl Fischer method was chosen for 
moisture determinations. 

Apparatus.—Dispense the standard solutions from automatic sealed burets. 
Use a cold-finger type vertical condenser for refluxing. (Although this type 
of condenser is more difficult to wash than a Liebig condenser, the latter con- 
denses water on its external surfaces, which runs down to the lip of the flask 
below.) Use a downward Liebig condenser for distillation. Receive the dis- 
tillate in a wide-mouthed 500-cc. Erlenmeyer flask. All solutions and samples 
must be protected from atmospheric moisture by Drierite. Wherever possible 
use ground-glass connections. 

Fischer reagent.—This reagent is prepared as described by Wernimont and 
Hopkinson’. Dissolve 380 grams of gaseous sulfur dioxide in 700 cc. of pyri- 
dine. After cooling, add 1000 cc. of pyridine, 200 cc. of anhydrous methanol, 
and 500 grams of resublimed iodine. 

Standard ethanol.—Distill 2B commercial ethanol which has been standing 
over Drierite for 48 hours; discard the first and last portions. 

Procedure-—Find the ratio of standard ethanol to Fischer reagent by 
titrating the solution into 10 cc. of the reagent. At the same time, standardize 
the Fischer reagent by titrating it into anhydrous methanol whose purity is 
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established by a pycnometer. Weigh out 15 grams of compounded GR-S, 
shred it quickly into pieces of about 1 X 0.25 X 0.25 inch, and place it in a 
stoppered iodine flask. Now add 250 cc. of anhydrous benzene and reflux the 
mixture for 12 hours. When the mixture has cooled to room temperature, 
disconnect the Drierite tube, and add 10 cc. of standard ethanol, through the 
cold-finger condenser. 

According to Varteressian and Fenske,’ the boiling point of this mixture at 
1 atmosphere is 64.86° C, and the composition of the vapor is ethanol 22.8, 
benzene 53.9, and water 23.3 mole-per cent. Wash the ethanol into the flask 
with two 25-ce. portions of anhydrous benzene. Disconnect the vertical con- 
denser and insert a downward Liebig condenser. Distill 200 cc. of the benzene- 
aleohol water solution into a wide-mouthed Erlenmeyer flask and wash the 
Liebig condenser with a 25-cc. portion of anhydrous benzene. Add an excess 
of Fischer reagent to this distillate and back titrate with standard ethanol 
until the characteristic brown color of free iodine just disappears. The back 
titration gives a sharp end point. Runa blank with each set of determinations 
and standardize the Fischer reagent daily. 


TABLE I 
Stock 8-2503 
300% modulus 





(Ib./sq. in.) 
min. min. min, 
Condition Cure Code cure cure cure 
Dried pigments (175° F) First 18A 594 1154 1544 
20A 552 1087 1529 
22A 520 1023 1471 
24A 513 1080 1478 
25A 537 1098 1498 
27A 547 1057 1547 
Average 544 1083 1511 
Second 18B 580 1104 1501 
20B 543 1052 1478 
22B 502 1029 1454 
24B 521 1075 1503 
25B 510 1046 1463 
27B 509 1037 1482 
Average 528 1057 1480 
Pigments conditioned 48 First 17A 389 905 1328 
hours at 40% humidity 19A 422 964 1393 
21A 390 955 1428 
23A 439 997 1476 
26A 422 961 1448 
28A 424 940 1433 
Average 414 954 1418 
Second 17B 394 931 1390 
19B 433 1007 1411 
21B 433 991 1427 
23B 435 994 1429 
26B 407 961 1418 
28B 400 937 1414 


Average 417 970 1415 
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RESULTS 
The variation in results for the 300 per cent moduli was first ascribed to a 
reaction between the pigments such as that postulated by Bloomfield’, namely: 


ZnO 

2 RSH + (X — 1)S — RS,R+H.S. However, when the mixed pigments 
were allowed to stand in the mill room with no humidity control for 0, 3, 12, 
and 24 hours, there was no evidence in the stress-strain data to indicate the 
above reaction was occurring to any significant extent. 

Table I and Figure 1 show the difference between dried pigments and those 
conditioned for 48 hours at 42 per cent relative humidity. There is a definite 
drop in all modulus values with this humidification. 





TABLE II 
Stock S-2503 
Percentage 
of water 300% modulus (Ib./sq. in.) 
added to AN ~ 
carbon 25-min. 50-min. 90-min. 
blacks Code cure cure cure 
0 29 601 1086 1525 
33 607 1115 1543 
37 590 1085 1502 
41 598 1078 1472 
Average 599 1091 1511 
0.25 30 586 1080 1506 
34 524 1082 1515 
38 475 982 1451 
42 528 1095 1468 
Average 528 1060 1485 
0.50 31 550 1063 ; 1493 
35 515 1065 1524 
39 445 1016 1438 
43 495 1047 1485 
Average 501 1048 1484 
1.00 32 483 1008 1458 
36 461 1011 1458 
40 410 977 1417 
44 476 1037 1473 
Average 458 1008 1452 


@ Based on polymer. 


Table II and Figure 2 show the effect of adding 0, 0.25, 0.50, and 1.00 
per cent of water to the carbon black. The deviation of these results was 
considered to be caused by slight variations in mill-roll temperature and rate 
of addition of carbon black. 

In an effort to reduce this variation, water was added in the other pigments, 
as there would be less manipulation of the batch after the moisture addition 
in this case. These results are shown in Table III and Figure 3. 

To obtain a still more finite relation between moisture content and modulus, 
the method of moisture determination described here was used to determine 
the moisture retained in a number of the compounds of Table III. Sixty- 
gram samples of these batches were placed in sealed containers immediately 
before curing and reserved for the moisture determination. These results of 
moisture retained against modulus are shown in Table IV and Figure 4. 
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Fi1a. 2.—% moisture added to carbon black vs. 300% modulus. 








Percentage 
of water 
added to 
pigments 


0.00 
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1.75 
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@ Based on polymer. 


Cure 
Ist 


2nd 


Ist 


2nd 


Ist 


2nd 


Ist 


2nd 


Ist 
2nd 


Ist 
2nd 


Ist 


2nd 


Ist 
2nd 


TABLE III 
Stock S-2503 


Code 


57A 
49A 
53A 
57B 
49B 
53B 
Average 


58A 
65A 
58B 
65B 
Average 


59A 
61A 
59B 
61B 
Average 


50A 
62A 
66A 
50B 
62B 
66B 
Average 


60A 
63A 
60B 
63B 
Average 


51A 
55A 
64A 
51B 
55B 
64B 
Average 


67A 
67B 
Average 


52A 
56A 
52B 
56B 
Average 


68A 
68B 
Average 
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300% modulus (Ib./sq. in.) 
eS woe 





-- —_ 
25-min. 50-min. 90-min. 
cure cure cure 
Vil 1181 1591 
683 1178 1583 
656 1141 1565 
758 1212 1596 
685 1216 1636 
634 1124 1596 
689 1175 1595 
494 1053 1468 
478 1013 1463 
494 1037 1503 
443 985 1463 
477 1022 1474 
411 987 1422 
380 946 1426 
401 961 1441 
387 970 1444 
395 966 1433 
338 952 1418 
341 900 1387 
359 922 1420 
366 949 1476 
349 940 1460 
332 933 1389 
346 933 1425 
366 948 1430 
331 912 1393 
365 963 1452 
349 938 1410 
353 940 1421 
347 953 1458 
354 950 1416 
356 961 1444 
368 1008 1461 
351 978 1457 
382 1009 1505 
359 977 1457 
400 1000 1486 
377 998 1485 
389 999 1486 
396 1026 1502 
397 1053 1526 
396 1054 1568 
397 1082 1544 
397 1054 1535 
432 1032 1488 
410 1039 1518 
421 1036 1503 
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Fia. 3.—% moisture added to pigments vs. 300% modulus. 





























All these results were obtained with polymer from lot S-2503 produced in 
Canada. To ensure that the same effect would hold for other GR-S, a series 
was run with the control lot X-346, which was produced in the U.S. A. The 
effect of adding various amounts of water to dried pigments with this control 
polymer is shown in Table V. 





TABLE IV 
Stock S-2503 
Percentage 300% modulus (Ib./sq. in.) 
of water Percentage r A— \ 
added to of water 25-min. 50-min. 90-min. 
Code pigments® retained cure cure cure 
57 0 0.042 717 1181 1591 
49 0 0.077 684 1178 1583 
58 0.25 0.085 494 1053 1468 
59 0.50 0.235 411 987 1422 
54 0.75 0.258 394 1017 1474 
60 1.00 0.278 366 948 1430 
55 1.25 0.348 352 950 1416 
51 1.25 0.250 347 953 1458 
52 2.00 0.520 396 1026 1502 
56 2.00 0.462 397 1053 1526 


* Based on polymer, 
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Fic. 4.—% moisture retained in compound ts. 300% modulus. 


Because it was realized that heating at 175° F would not completely dry 
the zinc oxide, the following curing curves were obtained to determine the 
effect of activating the zinc oxide by drying at 400° C: (A) compounded with 
pigments which had not been dried; (B) compounded with dried pigments and 
5 parts activated zinc oxide; (C) compounded with dried pigments and 2.5 
parts activated zinc oxide; and (D) compounded with dried pigments and 1.25 
parts activated zinc oxide. 

The results of A, B, and D are plotted in Figure 5. These curves indicate 
that 1.25 parts of activated zinc oxide (used with dried pigments) are roughly 
equivalent in accelerating action to 5 parts of unactivated zinc oxide used with 
undried pigments. 

TABLE V 
Stock X-346 


Percentage 300% modulus (lb./sq. in.) 
of water A— ‘ 
added to 25-min. 50-min. 90-min. 
pigments? cure cure 

0.375 1135 1652 
0.44 1094 1584 
i 1042 1554 
1008 1477 

1003 1471 

F 1048 1551 
0.87 989 1512 





* Based on polymer. 
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Fig. 5.—Stress-strain curves. 


DISCUSSION 


Undoubtedly the moisture determination could be improved. The dead 
stop end point of Wernimont and Hopkinson’ and the improved electrometric 
apparatus of McKinney and Hall,’ together with anhydrous standard ethanol 
to reduce the size of the blank, would increase the accuracy of the method. 

A review of recent literature on this subject shows some confirmation and 
one disagreement with the results obtained in this investigation. 

Braendle and Wiegand* agree that moisture does affect the state of cure. 
In their Figure II, they have shown a graph of percentage moisture in the 
polymer against time to best cure. The decrease in time to best cure from 
100 to 70 minutes with an increase in moisture content of 0.1 to 0.5 per cent is 
quite different from the results of this investigation. As Rush" pointed out, 
this work was carried out on polymers from three different sources. 

Rupert and Gage? give some confirmation of the results expressed in this 
report. Although these investigators state that the rate of curing increases 
with increased humidity and increased length of exposure, it is noted that in 


their Figure III, the 300 per cent modulus of the ORD sample (0.18 rer cent 
soap) when stored for 1 day at 60 per cent humidity was 775 pounds per square 
inch. The same polymer when stored for 6 days at 60 per cent humidity had 
a 300 per cent modulus of about 660 pounds per square inch. Since in Figure 
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II of the same report it is shown that the ORD raw GR-S and the compounded 
stock gain from 0.2 to 0.3 per cent weight when stored at 60 per cent relative 
humidity for 0 to 6 days, the inference is that this gain is due to moisture 
absorption. Here is an indication that moisture is retarding the rate of curing. 
In reference to Figure VI of the same report, it may be noted that when carbon 
black of 0.1 per cent water content is used, the 300 per cent modulus of a 40- 
minute cure is about 30 pounds per square inch higher than if a carbon black 
containing 2.3 per cent water is used. The 60-minute cure is about 75 pounds 
per square inch higher. Again moisture evidently had retarded the rate of 
curing. 

Rush" in his Table II found that in adding 0 per cent moisture to carbon 
black the 300 per cent modulus for a 15-minute cure was 238 pounds per square 
inch. When 1 per cent moisture was added to the carbon black, the value 
dropped to 200 pounds per square inch. On the 90-minute cure the 300 per 
cent modulus dropped from 1413 to 1377 pounds per square inch when the 
moisture content in carbon black rose from 0 to | per cent. 

In the work of these last two investigators, there is definite evidence con- 
firming the results of this investigation—that is, in the range of 0 to 0.25 per 
cent water present in the compounded stock, water retards the rate of curing. 

In view of the results of this investigation, a theory is advanced to explain 
the phenomenon of reinforcement by zine oxide. Probably some of the zine 
oxide is functioning as a catalyst for the reaction between thiol and sulfur as 
proposed by Bloomfield’. The remainder may act as a desiccant. Jones‘ 
found that zine oxide with relatively small particle size gives superior accelera- 
tion. This might be expected since smaller particle size would give a greater 
surface for moisture absorption. 

It is realized that factory operations, using different types of mastication, 
involve entirely different conditions. Still, the potential practical application 
of this work should warrant investigation with, say, a Banbury mixer. 
Braendle and Wiegand’ considered the possibility of adding moisture to GR-S 
to get a faster rate of curing. They rejected this scheme as impractical. 
However, it might be economically sound to activate the zine oxide to get a 
greater rate of curing or to reduce the amount of zine oxide necessary to get the 
same rate of curing. 
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CARBON BLACK DISPERSION IN RUBBER 
EFFECT OF FAT ACIDS* 


Ross E. Morris AND JosEPH W. HOLLISTER 


RusBBerR LABORATORY, MARE ISLAND NAVAL SHIPYARD, VALLEJO, CALIFORNIA 


Whether or not stearic acid assists in dispersing carbon black in rubber 
has not been settled. Blake! was the first to claim that fat acids are dispersing 
agents for carbon black. He postulated a mechanism, based on Langmuir’s 
work, with monomolecular films of fat acids on water* and calculated that the 
fat acids naturally present in Hevea rubber, which he stated to be present to 
the extent of 2 per cent, are just sufficient to form a monomolecular film on each 
particle of 30 volumes of channel black in 100 volumes of rubber. He assumed 
that this monomolecular film serves to facilitate wetting the individual particles 
with rubber and prevents agglomeration or flocculation of the particles. Later 
developments, however, have invalidated Blake’s calculations. 

Blake assumed that the diameter of the average channel-black particle is 
200u, whereas electron photomicrographs’ have shown that the actual average 
particle diameter is 284. Therefore, 30 volumes of channel black have about 
seven times the surface area calculated by Blake. The fat acids in Hevea 
rubber, even if present to the extent of 2 per cent and entirely concentrated 
on the surface of the particles, are insufficient to cover completely the surface 
of this quantity of channel black. 

Blake neglected to take into account the solubility of fat acids in rubber. 
If the acids are soluble in rubber, not all of the acid molecules concentrate at 
the rubber-black interface; some remain in solution in the rubber. Morris‘ 
showed that the solubility of stearic acid in Hevea rubber is about 1.5 parts 
in 100 parts of rubber at room temperature and increases rapidly as the tem- 
perature rises. The fat acids naturally present in Hevea rubber are known 
to consist of linoleic, oleic, and stearic acids®, and the total amount is about 
1 part per 100 parts rubber hydrocarbon®. Linoleic and oleic acids probably 
are more soluble in rubber than stearic acid, so that these acids are present in 
quantities well below their respective solubility limits. It does not appear, 
therefore, that the fat acids leave the rubber phase entirely in favor of the 
rubber-black interface, particularly at the high temperatures attained during 
mixing. 

It is not customary in practice to rely on the fat acids naturally present 
when mixing Hevea tread stocks. Usually from 3 to 5 parts of stearic acid is 
added to help disperse the carbon black and to activate the accelerator. Even 
when mixing tread stocks from GR-S, which initially contains 3.75 to 6.0 per 
cent of stearic acid’, many manufacturers add an additional part of stearic 
acid. The question is: Do these amounts of stearic acid aid in dispersing 
carbon blacks? To answer this question the adsorption of fat acids by channel 
black and other carbon blacks will first be examined, and then a more direct 
approach to the problem will be considered. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 12, pages 2325-2333, December 
1948. 
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ADSORPTION OF FAT ACIDS BY CARBON BLACKS 


Fat acid would have to be adsorbed on carbon black to aid the wetting and 
dispersing of the black particles by rubber. Analytical information of a quali- 
tative nature has been obtained which proves that this adsorption does occur. 
Gehman and Field* found that when 48 parts of channel black was present 
in 100 parts of Hevea rubber, the x-ray diffraction ring due to crystalline 
stearic acid could not be observed with less than 2 or 3 parts of stearic acid, 
presumably because of adsorption of stearic acid by the black. For the same 
loading of semireinforcing furnace black, 1 or 2 parts of stearic acid was suffi- , 
cient for detection; this indicated less adsorption than for channel black. 

The authors decided to measure the adsorption of stearic, palmitic, myristic, 
lauric, pelargonic, and oleic acids by channel black, and, in addition, to measure 
the adsorption of stearic acid by other carbon blacks used in rubber com- 
pounding. Consideration was first given to measuring the adsorption of these 
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Fig. 1.—Adsorption of stearic acid from various solvents by MPC black. 


acids with Hevea rubber as the continuous phase. It was soon found, how- 
ever, that experimental difficulties made the results obtained of questionable 
significance. It was then decided to use heptane as the continuous phase for 
several reasons: first, it is a hydrocarbon as are Hevea and GR-S rubbers; 
secondly, it is readily volatile; this facilitates analysis for the unadsorbed acid; 
and thirdly, heptane as an aliphatic hydrocarbon should be less adsorbed itself 
by the carbon black than an aromatic hydrocarbon or a polar solvent; therefore 
it should interfere less with adsorption of the acids. 

The advantage of using heptane in lieu of benzene is illustrated clearly in 
Figure 1. These curves show also that cyclohexane would have been a good 
choice for the solvent. The method of obtaining the plotted values is de- 


scribed in the following section. 
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MATERIALS AND PROCEDURE 


The heptane used in these experiments was Phillips’ n-heptane, stated to 
be 95 mole-per cent minimum purity. The benzene was Baker’s C.P. quality, 
The stearic, palmitic, myristic, lauric, pelargonic, and oleic acids and the 
cyclohexane were Eastman’s best grades. 

The carbon blacks used are given in Table I with accepted symbols which 


TABLE I 
DESCRIPTION OF CARBON BLACKS 


Name Type Symbol 
Thermax Medium thermal MT 
Rubber makers velvet Lampblack LB 
Furnex Semireinforcing furnace SRF 
Statex-93 High modulus furnace HMF 
Statex-A Conducting furnace CF 
Standard micronex Medium processing channel MPC 
Super spectra Color C 


are used in this report. The blacks were not dried or otherwise purified before 
use. Preliminary experiments were performed using P-33 and acetylene black; 
but further work with these blacks was canceled when it was found that the 
extract from the P-33 colored the solvent so much that the color of the indicator 
during titration could not be seen and that the acetylene black was so bulky 
that no free solvent remained for titration when a reasonable amount of black 
was used. 

The experimental procedure was as follows: 10 grams of the black were 
shaken for 2 hours with 50 cc. of solvent containing a known amount of acid 
in a cork-stoppered 4-ounce oil sample bottle. The bottle then was centrifuged 
for 15 minutes at 1750 r.p.m. and 25 ec. of clear supernatant solution pipetted 
off. The solution was evaporated in a beaker over a hot plate to remove the 
solvent. The acid residue was taken up in 25 ce. of warm ethanol and titrated 
with 0.1 N sodium hydroxide solution using phenolphthalein as the indicator. 
An experiment without acid was run with each black, and the other titrations 
were corrected accordingly. 

In the cases of the LB and C blacks, it was not convenient to use 10 grams 
for the absorption experiment because of their large bulk. Five grams of LB 
black and 2.5 grams of C black were used. 

All experiments were conducted at room temperature, which ranged be- 
tween 77° and 87° F. 


RESULTS 


The adsorption isotherms for the fat acids on channel black, using heptane 
as the solvent, are plotted in Figure 2. It is evident that, on a weight basis, 
the adsorption tends to be higher for the acids having the higher molecular 
weights. However, on a molal basis, as shown in Figure 3, the adsorption 
isotherms almost coincide. | 

The adsorption isotherms for stearic acid from heptane on the different 
blacks are plotted in Figure 4. The various blacks differed widely in their 
absorption of stearic acid. The C black adsorbed far more stearic acid than 
the rubber blacks; in the case of the rubber blacks, adsorption decreased in the 
following order: CF, MPC, HMF, SRF, LB, MT. 
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1G. 2.—Adsorption of acids from heptane by MPC black on weight basis. 
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Fig. 3.—Adsorption of acids from heptane by MPC black on molal basis. 
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Fig. 4.—Adsorption of stearic acid from heptane by various blacks. 


CORRELATION WITH CLASSICAL EQUATIONS 


The classical equations for adsorption isotherms are the Freundlich equa- 
tion and the Langmuir equation, expressed as follows: 


Freundlich equation: Log = =A+ Bloge 


—_ C+ De 
Langmuir equation: — 


Bla 


= grams acid absorbed per 100 grams black at equilibrium; ¢ = 
grams acid in 100 ce. solution; and A, B, C, and D are constants. 

The experimental values for adsorption of stearic acid from heptane on 
HMF black, pelargonic acid from heptane on MPC black, and stearic acid 
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from cyclohexane on MPC black were substituted in these equations and the 
resulting data plotted, as shown in Figures 5 and 6. 

If the data fitted the equations exactly, the points would fall on a straight 
line. Actually, straight lines were obtained with the Freundlich equation, but 
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curves were obtained with the Langmuir equation. The curves from the 
Langmuir equation approached straight lines at the higher concentrations. 


_ WETTING EFFICIENCY 
According to the Gibbs equation: 
dy —kIr 
de c 





dy . » , 
where — = change of surface tension at interface with change of concentration 


de 

of solute in solution, k = constant for isothermal adsorption, = molal sur- 
face concentration of solute per unit area of interface (degree of adsorption), 
and c = molal concentration of solute in solution, the acids which are adsorbed 
by channel black to the same extent from heptane solutions of equal molal 
concentration cause the same decrease in surface tension at the interface 
between the channel black and the heptane. Such must be the case practically 
with the acids studied here in view of the near coincidence of the adsorption 
curves in Figure 3. Presumably, the same relation holds when rubber is the 
solvent instead of heptane, so that these acids should have almost an equal 
wetting action for channel black when they are dissolved in rubber in even 
molal quantities. 


FACTORS INFLUENCING ADSORPTION 


The wide differences in adsorption of stearic acid by the different blacks 
shown in Figure 4 can be explained at least partially by the differences known 
to exist between the blacks in surface area per unit weight and in surface con- 
dition. One expression of surface condition is the change in pH induced in 
distilled water by the black. The pH of the individual blacks was determined 
by the procedure used by the Columbian Carbon Company’. This consisted 
of boiling a small sample of the black for thirty minutes with sufficient water 
to give a thin slurry. After cooling to room temperature the clear supernatant 
liquid was poured off and the remaining sludge was stirred until uniform. The 
pH of the sludge was determined by means of a glass electrode. 

Table II shows the relations between stearic acid adsorption, pH, and 
surface area. The surface areas were computed from the published data on 
particle sizes obtained with the electron microscope". The tabulated data 
indicate that the differences in stearic acid adsorption may be accounted for, 


TABLE II 
RELATION OF STEARIC AcID ADSORPTION TO PROPERTIES OF BLACK 


Stearic acid adsorption Surface 
(grams/100 grams area (sq. 
Black black) pH meters/gram) 

Medium thermal 0.09 8.4 12 
Lampblack 0 22 3.6 34 
Semireinforcing furnace 0 36 9.4 40 
High modulus furnace 0.62 9.8 64 
Conducting furnace 2.15 9.5 93 
Medium processing channel 1.39 4.4 120 
Color 10.1 3.6 260 


, * In equilibrium with stearic acid solution in heptane containing 0.50 gram of stearic acid per 100 cc. 
solution, 
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either on the basis of surface condition as exemplified by pH, or on the basis 
of surface area. The higher the pH and (or) the greater the surface area, the 
more stearic acid was adsorbed. From Figure 7, which is a plot of stearic 
acid adsorption from solutions of the same equilibrium concentration against 
surface area, it appears that the logarithm of the adsorption varied directly 
as the surface area for blacks in the same pH range—that is, for blacks having 
pH 3 to 5 on the one hand and blacks having pH 8 to 10 on the other hand. 
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Fig. 7.—Effect of surface area on stearic acid adsorption from heptane. 


Included in Figure 7 are points representing surface areas obtained from 
vas adsorption measurements". In every case these surface areas are less than 
the corresponding areas calculated from measurements on electron photomicro- 
graphs. However, these points do not change the relation mentioned above; 
this relation was unexpected and no explanation can be given for it at the 
present time. It had been anticipated that the amount adsorbed rather than 
its logarithm’ would be proportional to the surface area for blacks in the same 


pH range. 


SURFACE AVAILABLE FOR ADSORPTION 


The amount of stearie acid which could be adsorbed per 100 grams of black 
if a monomolecular layer were formed over the entire surface of each black 
particle, can be calculated as follows: 

x M-S-10” 
Mmax. N-a 





where M = molecular weight of stearic acid, 284.5; S = surface area of black 
in square meters per gram; N = Avogadro’s number, 6.06 X 10%; and a = 
molecular area of stearic acid, about 21 square Angstroms. 

This calculation was performed for each of the blacks, and the results are 
given in Table III with the optimum adsorption values found or estimated by 


projecting the curves in Figure 4, and the percentages of the surface area of 
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TABLE III 
CALCULATED Maximum Stearic Actp ADSORPTION 


Maximum stearic acid adsorption 





(grams/100 grams black) Surface 

r ~*~ covered 
Black Calculated Found (%s) 
Medium thermal 2.7 0.23 9 
Lampblack 7.6 0.37 5 
Semireinforcing furnace 8.9 0.50° 6 
High modulus furnace 14 1.0° 7 
Conducting furnace 21 4.0° 19 
Medium processing channel 27 2.0% 7 
Color 58 10.8° 19 


¢ Assuming monomolecular layer. ae 
+ Estimated from projection of curves in Figure 4. 


the blacks which are occupied by stearic acid at optimum adsorption. Figure 4 
shows that only MT and LB blacks reached optimum adsorption in the range 
of stearic acid concentrations used. 

The data reveal that the stearic acid occupied less than 10 per cent of the 
surface area of all blacks except CF and C blacks for which a value of 19 per 
cent was found. 


SIGNIFICANCE OF DATA 


It should be kept in mind that carbon blacks do not adsorb the same 
amount of fat acid from different solvents, as is shown in Figure 1 for adsorp- 
tion of stearic acid from solutions of stearic acid in cyclohexane, heptane, and 
benzene. It is shown also in Table IV that CF black and MPC black adsorb 
approximately three times as much stearic acid from heptane as from benzene 
at equal initial concentrations. Consequently, the adsorption values given in 
this paper do not apply in a quantitative sense to the adsorption of fat acids 
by carbon blacks in rubbers, natural or synthetic. There is no reason, how- 
ever, for doubting that they do apply in a qualitative sense. 


EFFECT OF STEARIC ACID ON DISPERSION OF CARBON 
BLACKS IN BUTYL RUBBER 


Having established that carbon blacks do adsorb fat acids, there remains 
the basic problem of whether or not fat acids improve the dispersion of carbon 
blacks in rubber. Before mixing into rubber, carbon black particles are in 
contact with each other forming grapelike clusters or chains?, and much of the 
remaining surface of the particles is undoubtedly covered with multilayers of 
adsorbed oxygen and other gases. To obtain complete dispersion in rubber, 
contact between adjacent particles must be broken and all layers of adsorbed 


TABLE IV 


COMPARISON OF STEARIC AcID ADSORPTIONS FROM HEPTANE SOLUTION 
AND BENZENE SOLUTION 





Stearic acid adsorbed per 
100 grams black 
From heptane* From benzene 
Conducting furnace black 2.24 0.79 
Medium processing channel black 1.44 0.41 


2 Contained initially 1.01 grams stearic acid per 100 cc. of solution. 
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gas, except perhaps the first layer, must be removed. Maximum reinforce- 
ment of the rubber from the standpoints of tensile and tear strengths is ob- 
tained with complete dispersion of the black—that is, each black particle 
entirely surrounded by a film of rubber. 

The decisive test to determine whether or not fat acids improve dispersion 
consists of examining the black dispersion in batches which are identical except 
for the presence of fat acid. Goodwin and Park” and Barron” attempted to 
do this by investigating the properties of vulcanized Hevea stocks which 
differed only in fat acid content; but it does not seem that reliable conclusions 
can be obtained with this approach because fat acid is involved in the accel- 
erator reaction and therefore affects the state of cure. The difference in 
properties resulting from the presence of fat acid in stocks loaded with carbon 
black may be caused by the state of cure as well as the state of dispersion of 
the black. 

A better approach to the problem was made by Parkinson‘ and Park and 
Morris'®. They determined the effect of fat acid on dispersion by comparison 
of mixing times and both macroscopic and microscopic examination of the 
raw stocks. However, their conclusions were at variance: Parkinson found 
that channel black mixed easily into acetone-extracted Hevea rubber and, as 
far as could be determined, dispersed as well as in the untreated rubber; Park 
and Morris, on the other hand, concluded that acetone-extracted Hevea rubber 
is a poor medium for the dispersion of channel black, and that stearic acid and 
certain other materials improve the dispersion. In view of the contradictory 
conclusions of these investigators, it was felt that further work in this field 
would not be amiss. 

The present authors decided to use a series of objective tests to evaluate 
the state of dispersion of MPC and CF blacks in Butyl rubber (GR-I) in the 
absence of and in the presence of stearic acid. Butyl rubber was selected as 
the test medium instead of Hevea rubber because it is more stable and contains 
fewer nonrubber components. 

The Butyl rubber contained 1.25 per cent fat acid computed as stearic 
acid. Apparently this fat acid was largely in the form of a zinc salt inasmuch 
as 0.10 per cent zinc also was present. According to Park and Morris, 1 part 
zine stearate is sufficient to obtain improved dispersion of channel black in 
Hevea rubber initially containing about 0.5 per cent extractable material. 
They found the same for stearic acid, but also noted that 4 parts stearic acid 
produced still better dispersion. For that reason and for convenience, the 
present authors elected to use unextracted Butyl rubber and observe the effect 
of additional stearic acid on the dispersion of carbon blacks. 

Six properties or characteristics of the compounded rubber were used to 
evaluate the state of dispersion. They were rate of incorporation, viscosity, 
plasticity, electrical resistance, bound rubber, and tensile strength. 


RATE OF INCORPORATION 


Theory.—Because stearic acid is adsorbed to some extent on channel black 
and on conducting furnace black, the presence of stearic acid in the rubber 
during incorporation of these blacks brings about a reduction in the interfacial 
tension between the black particles and the rubber. If this reduction is a 
considerable percentage of the original tension, then the stearic acid is an 
active wetting agent and should clearly hasten the incorporation of the black. 

On the other hand, a faster rate of incorporation does not necessarily prove 
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that stearic acid aids dispersion. Since the black probably enters the rubber 
always in the form of agglomerated particles, a good softener increases the rate 
of incorporation by reducing the viscosity of the rubber. A more fluid rubber 
is better able to surround agglomerates, even though the outer surfaces of the 
agglomerates are not wetted by the rubber. It follows that a substance which 
is both a softener and a dispersing agent should facilitate incorporation of the 
black more than a substance which is merely a softener. 

Procedure.—In evaluating the dispersing power of stearic acid for black by 
this means, allowance must be made for the softening effect of the acid. This 
can be done best by conducting control experiments wherein paraffin is used 
in lieu of stearic acid. It will be shown later that paraffin is a somewhat better 
softener for Butyl rubber than stearic acid; but paraffin would not be expected 
to reduce the interfacial tension appreciably as it contains no polar groups, and 
therefore it should not act as a wetting agent for the black particles. 


TABLE V 
FORMULATIONS FOR RATE OF INCORPORATION MEASUREMENTS 


Stock designation 





A B Cc D E F 
Butyl rubber 100 100 100 100 100 100 
MPC black 50 50 50 50 fe 
CF black ae ot je pi 50 50 
Stearic acid ae 3 re “ae ea ie 
Paraffin e - 3 4 a 3 


The rates of incorporation of the black in the formulations given in Table V 
were determined. The experimental procedure was as follows: Cold water was 
turned full into both rolls of a4 X 9 inch mill. The opening between the rolls 
was adjusted to 0.035 inch, and 80 grams of Butyl rubber was banded around 
the back roll. A small rolling bank was obtained. The Butyl rubber was 
allowed to roll for exactly 5 minutes; during this time the stearic acid or paraffin, 
if any, was added. Just before the end of the 5-minute period, the band was 
given several cuts, alternating from each side. At the end of this period 40 
grams of MPC black or CF black was added to the bank. The opening be- 
tween the rolls was increased to 0.047 inch after 7 minutes. The band was 
not cut after adding the black to the bank; any black which passed between 
the rolls and fell in the pan was swept up hurriedly and replaced on the bank. 
The elapsed time when all of the black was incorporated and the band became 
glossy was noted. Several repeat experiments were run with each formulation. 

The temperature of the rolls was determined with a band thermocouple 
immediately after incorporation of the black. The temperature of the front 
roll ranged from 68° to 79° F and of the back roll ranged from 74° to 84° F. 
Two measurements were made of the actual temperature of the Statex-A stock 
by wrapping the sheet around a thermocouple; the values found were 104° and 
106° F. 

Results.—The incorporation times and other pertinent data are presented 
in Table VI. These data show no advantage of stearic acid over paraffin; 
both materials increased the rate of incorporation of the MPC black to the 
same extent. In the case of CF black, no experiments were performed with 
paraffin after it was found that stearic acid was of so little benefit. 

These data indicate that stearic acid is not a dispersing agent for MPC 
black or CF black in Butyl rubber in the true sense of the term. 
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TABLE VI 
Resutts oF Rate or INCORPORATION EXPERIMENTS 


Stearic Average time to 


acid Paraffin No. of incorporate black 
Black (parts) (parts) experiments (seconds) 
MPC 0 0 8 250 
MPC 3 0 8 230 
MPC 0 3 5 230 
MPC 0 4 4 240 
CF 0 0 4 260 
CF 3 0 3 230 
VISCOSITY 


Theory.—A poorly dispersed black is generally assumed to form a structure 
or network through the rubber matrix. Support for this assumption is given 
by the work of Bulgin'®, who has shown that the electrical conductivity of 
natural rubber containing acetylene black, a black noted for its structure, is 
decreased by remilling. The remilling improves the dispersion—that is, the 
contact between the black particles is broken and the particles are surrounded 
with an insulating layer of rubber. 

It is logical that the presence of structure in a colloidal dispersion will bring 
about a marked increase in the viscosity of the matrix. Here, then, is a method 
for evaluating the dispersing effect of stearic acid; if stearic acid reduces the 
viscosity of a rubber-black mixture, it would seem that the dispersion of the 
black is improved. Actually, the relation is not so simple, as stearic acid is an 
effective softener and therefore reduces the viscosity of the rubber, whether 
or not the black is better dispersed. Control experiments utilizing paraffin 
are again needed. 

Procedure.—In these experiments the effects of 5 parts paraffin or 5 parts 
stearic acid on the Mooney viscosity’? of stocks containing no black and con- 
taining 50 parts MPC black or 50 parts CF black were determined. The 
formulations are given in Table VII. Two batches each of Stocks A, B, and C 
and three batches each of Stocks D, E, F, G, H, and I were prepared. 

The stocks were mixed in a Model-B Banbury, using rotor speeds of 68 
r.p.m. and 77 r.p.m., respectively. The batch weight of each stock was ad- 
justed to obtain a calculated finished batch volume of 1250 ce. The mixing 
cycle for all stocks was 10.5 minutes, with a 2-minute cooling period between 
batches. The Banbury was kept as cold as possible during mixing; the maxi- 
mum stock temperatures according to the thermocouple in the Banbury ranged 
from 137° to 144° F for the stock without added black, and ranged from 150° 
to 167° F for the stocks with added black. The black stocks without paraffin 
or stearic acid reached the higher temperatures. The stocks were sheeted off 
on a laboratory mill, then conditioned at 82° F for at least 9 days before testing. 


TABLE VII 
FORMULATIONS FOR EVALUATIONS OF DISPERSION 


Stock designation 


———————E ‘\ 








er B Cc D E F G H I 
Butyl rubber 100 100 100 100 100 100 100 100 100 
MPC black = si i 50 50 50 = ms w 
CF black : Re on is ae 50 50 50 
Paraffin ne 5 ee ie 5 WS ny, 5 a 
Stearic acid : 5 5 Pee a 5 
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The Mooney viscometer was maintained at 212° F by blowing live steam 
through the platens. The rubber samples were warmed for 1 minute in the 
chamber before starting the rotor. After the rotor had been turning for 5 
minutes, readings were taken. The average reading in the next 5 minutes was 
recorded. 

Results —The viscosity data for the 24 batches are given in Table VIII. 
These data show the following facts. 

MPC black increases the viscosity more than CF black. This is reasonable 
because of the finer particle size of the former biack. 

Paraffin and stearic acid both decrease the viscosity of Butyl rubber. 
Paraffin is the better softener. 

Paraffin and stearic acid both decrease the viscosity of Butyl rubber con- 
taining either MPC or CF black. Paraffin is again somewhat more efficient 
in this respect than stearic acid. 

There is nothing in these data which indicates that stearic acid is a dis- 
persing agent (as here defined) for carbon blacks. If stearic acid were a 
dispersing agent, the black stocks containing stearic acid would have been less 
viscous than the black stocks containing paraffin; this was not the case. 


PLASTICITY 


Theory.—The theory for the effect of dispersion on viscosity applies here. 
Plasticity is probably a better property for showing the effect of poor dispersion 
than is viscosity, because in the act of determining viscosity the rubber is 
churned, and this churning may improve the dispersion somewhat. The pres- 
ence of structure, an evidence of incomplete dispersion, is signified by low 
plasticity’. If stearic acid is a dispersing agent for carbon blacks, it should 
yield softer stocks than the control material, paraffin. 

Procedure.—The plasticities of the nine stocks formulated in Table VII 
were determined with the Goodrich Plastometer". 

The samples from which the cylindrical test-specimens were cut were 
molded from the original rough mill sheets. A positive mold was used and the 
molding time was 90 minutes at 230° F. This procedure was necessary because 
uniform cylindrical specimens could not be cut from the rough mill sheets. 
The molding was done not less than 3 days after mixing, and the plasticities 
were determined 7 days after molding. The stocks were conditioned at 82° F 
during the interim. :; 

The plasticities were determined at a temperature of 100° F. The speci- 
mens were conditioned at this temperature for 30 minutes and then subjected 
in turn to a load of 4 pounds (twice the usual plastometer load). Four minutes 
after applying the load, the thickness of the specimen was noted on the dial 
micrometer. Three specimens from each batch were tested. 

Results.—The stiffnesses of the stoc?:s (thickness of specimens in inches) 
are shown in Table VIII. These values are related inversely to the respective 
plasticities. 

These data lead to the same conclusions regarding plasticity as were given 
for viscosity. There is no indication that stearic acid is a dispersing agent for 
carbon black. 


ELECTRICAL RESISTANCE 


Theory.—It seems that the measurement of electrical resistance should be 
a direct method for evaluating the dispersion of carbon blacks. According to 
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the work of Bulgin'® electrical resistance is enhanced if the black particles are 
well dispersed—that is, surrounded by a film of rubber. Contrariwise, elec. 
trical resistance is diminished if black particles are poorly dispersed—that js, 
are in contact with each other and form a chainlike structure through the 
rubber. Thus the directional effect of stearic acid on the electrical resistance 
of the carbon black compounds should show whether or not stearic acid jm- 
proves dispersion. 

Procedure.—Stocks D, E, F, G, H, and I were used in this experiment. 

Four slabs, 6 inches square by 0.08 to 0.09 inch thick, were molded from 
each of the three batches of each stock. This gave a total of 12 slabs from each 
stock. The slabs were prepared in a 4-cavity mold, using a ram pressure of 
70 tons, a temperature of 230° F, and a hot pressing time of 90 minutes. The 
mold was cooled before relieving the pressure. The slabs were taleed and 
conditioned on galvanized trays for 7 days at 82° F to permit internal stresses 
to relieve themselves. 

After conditioning, one face of each slab was scrubbed with a rag wet with 
heptane and a sheet of lead foil, 0.0015 inch thick, was rolled down on the tacky 
surface, covering the entire face. This formed the bottom electrode. The top 
electrode was a circular sheet of lead foil, 4 inches in diameter, attached to the 
center of the opposite face in the same manner. A guard electrode was found 
to be unnecessary. 

The rubber slabs with the attached electrodes were connected individually 
to a simple circuit consisting essentially of two 6-volt storage batteries in series, 
a voltmeter, and a microammeter. The current flowing through the rubber 
and the voltage drop across the rubber were noted. It was found necessary 
in some cases to insert a known resistance in series with the rubber to keep the 
ammeter readings in the same range. After the current and voltage measure- 
ments were made, the thickness of the rubber slab under the top electrode was 
measured at a number of points and the average value calculated. The specific 
resistivity of the rubber then was computed from the voltage, the current, and 
the average slab thickness. Allowance was made in this computation for other 
resistances in the circuit. 

Results —The data, presented in Table VIII, show considerable variability 
between the specific resistivities of replicate batches. The specific resistivity 
of the individual slabs from each batch, not recorded here, showed a similar 
variation. Nevertheless, the averaged data show a definite trend; both paraffin 
and stearic acid increased the resistances of the MPC and CF stocks, the latter 
to the greater extent. Whereas in the absence of these materials the resistance 
of the MPC stock was slightly higher than that of the CF stock, in their 
presence the CF stock tended to have the higher resistance. 

These results seem to indicate that both paraffin and stearic acid improved 
the dispersion somewhat, with stearic acid the better dispersing agent. How- 
ever, another and more probable explanation is that paraffin and stearic acid 
did not affect the initial dispersion but hindered to some extent the flocculation 
of black particles which occurred during the molding and conditioning periods. 
That this flocculation was taking place was evidenced by the gradual increase 
noted in the conductivity of the slabs after molding. The higher resistances 
in the presence of paraffin and stearic acid could have been due to the adsorp- 
tion of these materials on the surface of the black particles. The adsorbed 
layers insulated each black particle from its neighbor. This suggests that 
paraffin was adsorbed by the blacks in spite of its nonpolar nature. 
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BOUND RUBBER 


Theory.—It has been reported that a mixture of rubber and carbon black 
is not completely dispersed by a solvent but that the stock is swollen by the 
solvent and part of the rubber is extracted, leaving all of the carbon black in 
the swollen gel’. 

The rubber remaining with the carbon black is usually termed bound 
rubber. The proportion of bound rubber in volumes to volume of carbon 
black increases as the particle size of the carbon black diminishes’. 

In view of the relation between bound rubber and particle size, better dis- 
persion of the black particles should increase the bound rubber. A poorly 
dispersed black contains agglomerates which are, in effect, equivalent to unit 
particles of larger size. For example, an agglomerate of channel black particles 
might have the same effective size as one particle of medium thermal black. 

Procedure.—Stocks D to I, inclusive, were used in this experiment. 

Two 5-gram samples of each batch of each stock were tested, giving a total 
of six samples from each stock. Each sample was cut into strips with about 
0.0625-inch square cross-section, accurately weighed, and immersed in 100 ce. 
of heptane in a 125-ce. conical flask. Once every day for seven days the flask 
was swirled gently; then the liquid was decanted off through a 150-mesh monel 
screen, and the residue was washed with small portions of heptane which also 
were poured through the screen. The original liquid and washings were evap- 
orated almost to dryness in a beaker on a hot plate and dried to constant 
weight in an oven at 230° F. This gave the total extractables. 

It was necessary to correct the total extractable material for its content of 
stearic acid and paraffin. It was assumed that all of the paraffin in stocks 
EK and H was extracted by the heptane; but this assumption could not be 
applied to the stearic acid in these stocks and the other stocks because part 
of the stearic acid remained adsorbed on the carbon black. Stearic acid in the 
dried residue was found by extracting the residue with 50 ce. of boiling ethanol 
for 30 minutes, cooling, and titrating with 0.1 N sodium hydroxide solution. 
The extracted rubber equaled the total extractables less the contents of stearic 
acid and paraffin (for stocks E and H). The bound rubber equaled the rubber 
initially present in the sample (corrected for zine stearate) minus the extracted 
rubber. 

Results—The bound rubber data given in Table VIIT show that CF black 
held less rubber than the MPC black; that stearic acid reduced the rubber held 
by both blacks; and that paraffin had no effect on the amount of rubber held by 
MPC black but actually increased the amount of rubber held by CF black. 
It appears that stearic acid hindered the dispersion of both blacks, and that 
paraffin improved the dispersion of CF black. However, before accepting 
these inferences relative to the effect of stearic acid on dispersion, consideration 
should be given to a possible effect of stearic acid on bound rubber itself. 

A tentative description of this effect is as follows. When stearic acid is 
adsorbed at the interface between a black particle and rubber, any adhesion 
which previously existed in that area between the rubber and the particle is 
disrupted and the rubber now adheres to the hydrocarbon tails of the stearic 
acid molecules, which extend from the particle like pins from a pin cushion. 
When the sample is immersed in heptane, the molecules of this solvent intrude 
between the stearic acid and rubber molecules and dislodge some of the latter, 
thereby diminishing the percentage of bound rubber. Thus, a decrease in 
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bound rubber in the presence of stearic acid is not necessarily an indication of 
poorer dispersion of the black in the rubber. 

The authors noticed that Stock I, containing CF black and stearic acid, 
acted differently in heptane from the other stocks. The strips of the other 
stocks were swollen severely, although they retained their shape and the hep- 
tane was clear after filtering through the 150-mesh screen. The samples of 
Stock I also were swollen severely but were so disintegrated that the individual 
pieces no longer could be seen. The heptane from these samples was found 
to contain an appreciable amount of free carbon black after filtering. This 
black was removed by centrifuging and decanting before determining the total 
extractables. 

The authors are of the opinion that the behavior of Stock I in heptane 
confirms the mechanism postulated for the effect of stearic acid on bound 
rubber. It appears, therefore, that bound rubber is no measure of dispersion 
when stearic acid is present. 


TENSILE STRENGTH 


Theory.—The tensile strength of vulcanized Butyl rubber is not improved 
by admixture with carbon blacks, but is lowered in measure with the coarseness 
of the black”. The authors planned to use the latter relation for evaluating 
the dispersion of CF and MPC blacks in Butyl rubber. The assumption was 
that a poorly dispersed fine black would affect the tensile strength of the 
unvulcanized rubber like a coarser black—that is, the lower the tensile strength, 
the poorer the dispersion. 

It was essential to take into account the weakening effect of stearic acid 
on the tensile strength of the Butyl rubber. The stearic acid which was not 
adsorbed on the carbon black would remain in the rubber phase and act as a 
softener. Consequently, even though the acid improved the black dispersion, 
the overall effect would be to reduce the tensile strength. Again it was neces- 
sary to use paraffin as a control additive. Paraffin was expected to have no 
effect on the dispersion, but approximately the same weakening effect on the 
rubber as stearic acid. This was the most practical test for the dispersing 
power of stearic acid because it evaluated an ultimate strength property. The 
usual reason for desiring an improved dispersion of carbon black is to obtain 
better tensile strength, tear resistance, or abrasion resistance. 

Procedure.—Stocks D, E, F, G, H, and I were used in this experiment. 
The mixing of these stocks in the Banbury and the molding of the 6-inch square 
slabs have been described. 

Four slabs molded from each batch were tested. Five A.S.T.M. type A 
dumbbell specimens were dried from each slab and pulled to break on a Scott 
L-6 tensile tester. This made a total of 20 specimens tested from each batch 
and 60 specimens tested from each stock. The temperature of tensile testing 
ranged from 79° to 82° F. 

Results—The tensile specimens did not stretch uniformly along their con- 
stricted portion up to break as do vulcanized specimens; instead they exhibited 
a yielding or necking at one point in the constricted portion, as do metals 
when stretched to break. Nevertheless, the tensile strengths of replicate speci- 
mens were uniform. The data for the batches (average of 20 breaks) and for 
the stocks (average of 60 breaks) are given in Table VIII. 

The data indicate that paraffin lowered the tensile strength of the MPC 
stock about 15 per cent and lowered the tensile strength of the CF stock about 
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13 per cent. The reduction in tensile strength was slightly less pronounced in 
both stocks when stearic acid was present instead of paraffin. This difference 
between the effects of paraffin and stearic acid is not believed to be significant, 
particularly in view of the facts that part of the stearic acid is adsorbed by the 
black, leaving less to soften the rubber, and stearic acid is not as efficient a 
softener according to the Goodrich plastometer results. Consequently, it does 
not appear from the tensile data that stearic acid is a more efficient dispersing 
agent than paraffin. 


DISCUSSION 


Only electrical resistivity of the six properties or characteristics examined 
gave any significant indication of improved dispersion caused by stearic acid. 
However, as previously pointed out, the effect of stearic acid on resistance can 
be explained also by assuming that the absorbed acid breaks the contact 
between adjacent black particles without bringing about more equal distribu- 
tion of the particles. The clusters and chains of particles are still present in 
the mass of the rubber, but stearic acid molecules have intruded between 
adjacent particles in these formations, so good electrical contact is no longer 
obtained. In view of this likely explanation and the negative results given by 
the other five experiments, the authors conclude that stearic acid does not 
improve the dispersion of MPC black or CF black in Butyl rubber. 

Indirect support for this conclusion is given by certain observations made 
during the adsorption experiments, using heptane, benzene, and cyclohexane. 
These observations, which must apply at least in some degree to viscous hydro- 
carbons like Butyl rubber, are the following. First, all the blacks tested 
appeared to be easily wetted by the fluid hydrocarbons without the intervention 
of fat acids. Secondly, only a small part of the surface area of the blacks 
was covered by fat acid at saturation. Thirdly, a considerable proportion of 
the fat acid remained in the solvent phase at room temperature, and this pro- 
portion would be expected to increase at higher temperatures in accordance 
with the usual behavior of adsorption equilibria. 

The second and third points are particularly significant. If there is a 
similarity between adsorption from Butyl rubber and adsorption from fluid 
hydrocarbons, it would seem that only a small part of the surface area of each 
black particle is covered with fat acid at the high temperatures (approximately 
300° F) attained in practice when the finer blacks are mixed into rubber. 
This small amount of adsorbed acid on the surface could hardly be effective in 
dispersing the particle. 

The authors believe that the results of this investigation indicate that fat 
acid is not effective for dispersing blacks in other rubbers, particularly those 
rubbers which are hydrocarbons, such as GR-S, Hycar OS-10, and natural 
rubber. 
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CARBON BLACK-LOADED GR-S STOCKS 


RELATIONSHIP BETWEEN REINFORCEMENT AND 
SWELLING PROPERTIES * 


1. Eng, 


EK. M. DANNENBERG 


Goprrey L. Casor, Inc., Boston, Mass. 


One of the most fascinating problems in the field of rubber technology is 
the mechanism involved in the reinforcement of rubber by finely divided 
powders. Although this problem has engaged the attention of many investi- 


La 
ta) 


ators, the phenomenon of reinforcement is understood vaguely. The litera- 
ture on reinforcement has been summarized by Shepard, Street, and Park’, 


by Hock?, and more recently by Parkinson’. The objective of the work re- 
ported in this paper was to establish whether the interaction between reinforcing 
filler particles and the rubber matrix involved primary valence bonds between 
rubber molecules and specific points on the filler surfaces, or whether a less 


localized physical adsorption type of association occurred. 


Recent theoretical studies on reinforcement by Guth‘, Rehner®, and Small- 


purely physical, depending on van der Waals’ type adsorptive forces’. 


valence interaction between black and rubber have been unsuccessful. 


y 
’ 


of every hundred. 


Society at its semiannual meeting, Cleveland, May 26-28, 1947. 
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wood® have all assumed that the reinforcing filler particles are firmly bonded 
or associated with the rubber phase. Electron microscope work has shown 
that the adhesion of black to rubber must be strong’. There have been many 
attempts to explain the particular mechanism through which this association 
occurs. The interaction between filler and rubber has been postulated as 


assumption of chemical bonding of a primary-valence type between reinforcing 
filler particles and rubber has been proposed by Naunton and Waring’, who 
state, “With regard to the mechanism of reinforcement, the authors prefer to 
regard reinforcement as a type of vulcanization rather than to regard vuleani- 
zation as a type of-reinforeement. The strong bond between the rubber and 
reinforcing particle acts like the sulfur bridge in vulcanization with sulfur’. 
Attempts to obtain experimental data supporting this hypothesis of primary- 


diffraction studies of Gehman and Field” on black-rubber mixes showed no 
definite evidence of such interaction. Thornhill and Smith" have suggested 
that the formation of primary-valence linkages between black and the rubber 
hydrocarbon must involve the ethylenic bonds of the rubber hydrocarbon and, 
consequently, a specific loss in unsaturation of the rubber because of the rein- 
forcing filler must occur. Although Thornhill and Smith’s determinations of 
rubber unsaturation values in black-rubber mixtures could not show any such 
loss in unsaturation, they point out that the analytical technique was not 
sensitive enough to detect such small changes in unsaturation that might result 
from black-rubber bonding involving not more than 1 or 2 double bonds out 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 11, pages 2199-2202, November 
1948. This paper was presented before the Division of Rubber Chemistry of the American Chemical 
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Primary-valence bonding of filler to rubber should completely immobilize 
the filler particles in the rubber medium. The ability of carbon black particles 
to move around within the apparently solid rubber medium as evidenced by 
the observed flocculation of these carbon particles on standing of the unvul- 
canized stocks” suggests strongly that primary-valence bonding is not present, 
On the other hand, the concept of chemical bonding is useful in explaining 
certain phenomena. It is well known that increased loading of fillers reduces 
the solvent swelling of the stock more than would be expected from the mere 
reduction of the rubber content of the compound". This effect was most 
apparent when reinforcing carbon black was used. Also, in the case of the 
reinforcing carbon black and very fine zinc oxide, a marked reduction in the 
solubility properties of the crude, unvulcanized stock is observed". When 
other finely divided fillers having a particle size comparable to the reinforcing 
carbons are used as loading materials, the stocks produced do not show the 
same degree of enhancement of physical properties". 

Data are presented’ comparing the reinforcing properties of a precipitated 
calcium carbonate and hydrated calcium silicate with a SRF furnace black of 
about the same particle size. Although similar tensile properties were ob- 
tained with these three fillers, the furnace black was markedly superior in its 
effect on the stiffness and abrasion resistance of the compounded vulcanizates. 
However, the possibility exists that the optimum properties of the inorganic 
pigments were not obtained with the compounding and dispersion techniques 
employed. 

These facts seem to indicate a characteristic activity of the carbon black 
surface. It is assumed that this specific activity of the carbon black is due to 
the formation of chemical cross-linkages which are responsible for its reinfore- 
ing ability. 

If this assumption is correct, increasing reinforcing ability is caused by a 
greater concentration of rubber-filler cross-linkages. Such bonding, if present, 
must affect the swelling properties of loaded stocks, since swelling measure- 
ments are particularly sensitive to the presence of primary-valence cross- 
linkages. However, van der Waals type of physical association should be 
overcome by the strong forces involved in swelling. A relationship between 
swelling and reinforcing ability of filler should be observed if the chemical 
cross-linkage theory of reinforcement is valid. A study of this relationship has 
been made using a group of carbon blacks of varying reinforcing ability. 


SWELLING OF VULCANIZED GR-S STOCKS 


The various grades of carbon black which are used in rubber compounding 
produce stocks of differing physical properties. Depending on these physical 
properties, blacks are generally referred to as reinforcing, semireinforcing, and 
nonreinforcing. A single physical property of a rubber stock which affords a 
method for judging the relative reinforcing ability of a series of fillers is the 
abrasion resistance. This criterion has been used in selecting a group of 
blacks of varying reinforcing ability for this study. 

In Table I are listed the properties of the blacks selected. The table shows 
the trade classification of these blacks, their trade names, the mean diameter in 
millimicrons as determined from electron microscope pictures, the specific 
surface in square meters per gram determined by the Brunauer, Emmett, and 
Teller'® method of low-temperature nitrogen adsorption, and tensile and rela- 
tive abrasion values obtained using these blacks in a GR-S tread stock formu- 
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TABLE I 
PROPERTIES OF VARIOUS CARBON BLACKS 
Mean Specific Ultimate Relatives 
diameter surface tensile abrasion 
Class Trade name (my) (sq. m./gm.) (Ib./sq. in.) value 
CC Spheron-1 20 210 3600 1.65 
HPC Spheron-4 25 130 3600 1.50 
MPC Spheron-6 28 110 3500 1.20 
EPC Spheron-9 30 100 3200 1.00 
FF Sterling-99 32 70 2800 0.90 
CF Shawinigan 43 67 2500 0.75 
HMF Philblack-A 50 38 2600 0.75 
HMF Sterling-L 50 37 2300 0.70 
SRF Sterling-S 60 a 2040 0.60 
FT P-33 120 15 1800 0.28 
MT Thermax 300 8 1400 0.22 


« These values were obtained with the following formulation: GR-S 100, black 50, zinc oxide 5, sulfur 2, 
Santocure 1, Bardol 5, pine tar (medium grade) 3. The relative abrasion values were obtained by dividin; 
the volume loss of the angle abrasion wheels for the EPC standard black stock by the volume loss of eac 
of the other black stocks. Values La than 1.00 represent blacks of better than EPC abrasion, and 
values less than 1.00 are inferior to EPC. 


lation at a 50-part loading. The abrasion values were measured using the 
angle abrasion machine!’. The definite dependence of the rubber properties 
on particle size is immediately apparent. Increasing reinforcement is observed 
with increasing fineness of black. The tensile strength, although not usually 
conceded as being a reinforcing property for the crystalline rubbers’, has been 
included in this table because of its definite correlation with abrasion and 
particle size. This would indicate that for GR-S stocks, the tensile strength 
is a reinforcing property. 

The formulation and processing schedule used for the preparation of samples 
isshown in Table II. This formula contains no added softeners and eliminates 
some of the difficulties associated with extractable matter encountered in 
making swelling measurements. 

The size of the samples used was 1 X 1 X 0.080 inch. These samples were 
immersed in Decalin (decahydronaphthalene, density 0.896) for a period of 
72 hours. This length of immersion time was sufficient for the establishment 
of equilibrium. Immediately on removal from the Decalin, the samples were 
given a quick acetone dip to wash off the solvent adhering to the surface, and 
then weighed. After weighing, the samples were dried to constant weight for 
48 hours in a 70° Coven. Extractable matter was determined from the change 


TABLE II 
COMPOUNDING PROCEDURE 


Formulation (parts) 





GR-S 100 

Black Varied (20, 40, and 60) 

Zinc oxide 5 

Sulfur 2 

Santocure 1 

Processing schedule 
Temp. (° F) Time (min.) . 

Banbury 120 8 
Rollmill 120 


3 
Curing 280 15, 30, 60, 90 
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in weight of the original sample. The percentage increase in swelling volume 
was calculated on the basis of the rubber content of the loaded stock, taking 
into account the small correction for extracted matter. The extracted matter 
was assumed to have the same specific gravity as the GR-S gum rubber. The 
above technique gave satisfactory reproducibility and is considered sufficiently 
accurate for this study. 

Since the degree of swelling depends on state of cure, it is desirable to make 
comparisons at equivalent cures. Because of the practical difficulties involved 
in such a procedure, measurements were taken for a wide range of cures and 
comparisons made at optimum cure as judged by the minimum swelling vol- 
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Fic. 1.—Percentage volume swelling vs. curing time, 40-part loading. 


umes observed. The type of data obtained in determining the points of 
minimum swelling is illustrated in Figure 1. The faster curing character of 
the furnace black when compared to a channel type black is evident. The 
furnace-black stock reaches a minimum swelling volume at about 60-minute 
curing time, and the curve for the channel-black stock flattens out at about 
90 minutes. In general, these minimum swelling volumes occurred at curing 
times corresponding to optimum tensile properties. 

In this manner the minimum percentage-volume swelling was determined 
for 20-, 40-, and 60-part loadings of the various blacks.. A summary of the 
data is presented in Table III. It will be observed that there is no tendency 
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for these data to line up in accordance with reinforcing ability in the range of 
loadings studied. The magnitude of the effect of decreasing swelling of the 
rubber phase with increasing black loadings is approximately the same in all 
cases and, therefore, cannot be considered as an indication of the degree of 
reinforcement. If the assumption is valid that a strong primary-valence bond 
exists between rubber molecules and active spots on the carbon surfaces, it 
would be expected that such bonds would act in a manner analogous to a 
chemical cross-linkage in its effect on the swelling capacity. The data do not 
support a theory of reinforcement based on the hypothesis of primary valence 
cross-linkages. 

The data do indicate that the so-called ‘structure’ blacks, Philblack-A, 
Shawinigan, and Sterling-L, are most effective as loading materials for the 
production of low-swelling stocks. This has recently been reported by Rostler 
and Morrison'’. It is felt that this is a mechanical effect resulting from the 
locking of the cross-linked rubber structure formed during vulcanization, 
around strong chainlike aggregations of black, a characteristic property of these 
blacks. Further evidence for this point of view will be presented. 


TABLE III 
MINIMUM PERCENTAGE SWELLING VOLUMES OF RUBBER COMPONENT 


Loading 





Trade name 20 
Spheron-1! (CC) ae 300 
Spheron-4 (HPC) tee 275 
Spheron-6 (MPC) ar 300 230 
Spheron-9 (EPC) aN 280 240 
Sterling-99 (FF) ae 305 
Shawinigan (CF) nae 270 
Philblack-A (HMF) bots 280 240 200 
Sterling-L  (HMF) 2 ng 280 260 
Sterling-S (SRF) ies 295 260 240 
P-33 (FT) ey 320 300 
Thermax (MT) en 320 305 290 
Blank 360 a, BS 


The conclusion regarding the absence of rubber-filler cross-linkages can be 
derived from a more indirect line of reasoning by consideration of the modulus- 
swelling relationships as affected by the various types of black. Flory'® has 
shown that, for gum-Butyl vulcanizates, the equilibrium swelling volume can 
he quantitatively related to the modulus. This arises from the analogy of 
elastic deformation to swelling. In both these processes cross-linkages and 
chain entanglements act as restrictive influences. If reinforcing fillers were 
to function as cross-linking agents it would be expected that a similar relation- 
ship between swelling and modulus would exist for loaded stocks. Since the 
different blacks, which produce large differences in the moduli of loaded stocks, 
do not affect the swelling of the rubber matrix, it is obvious that no such rela- 
tionship is present. This would indicate that reinforcing fillers do not function 
in the same manner as primary-valence cross-linkages, and that the swelling- 
modulus relationship is different for each type of black used. Buist and 
Mottram” have published data showing the effect of different blacks on the 
swelling of Neoprene and natural rubber vulcanizates which indicate that, 
although the swelling of these stocks is effected by loading, they do not depend 
on the type of black used. Contrary to the conclusions of Buist and Mottram, 
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the relationship between modulus and swelling is not observed when the moduli 
of the vulcanizates are varied by using different types of black, but is noted 
only when the moduli are changed by using different loadings of one particular 
type of black. 


SWELLING OF UNVULCANIZED STOCKS 


The experimental evidence outlined above is open to a number of objections, 
In listing the minimum-swelling volumes it is implied that the extent of actual 
chemical cross-linkages in the rubber matrix is the same in all cases, and that 
any observed differences in swelling can be attributed to the effect of the fillers, 
Since the minimum swelling volume is the result of two reactions, a vulcaniza- 
tion reaction increasing the cross-linkages and a competing degradation reac- 
tion, the point at which the minimum is observed must be a function of the 
rates of these reactions. The different types of black used in this study do not 
give stocks of comparable curing rates, and the observed lack of correlation of 
the swelling measurements with reinforcing ability may be due to this factor, 

Another possible objection is that the swelling volumes measured were so 
large that any associations between the fillers and the rubber matrix were 
destroyed by the powerful forces involved in swelling. The swelling volumes 
obtained for the vulcanized stocks were of the order of 200 to 300 per cent. 
If swelling is at all similar to the process of simple extension, in which case 
reinforcement as judged by the tensile strength is noted at breaking elongations 
of 200 to 400 per cent, one would expect the effect of reinforcing fillers to be 
observed in this range of swelling volumes. 

Considering these objections, it was decided that a more satisfactory ap- 
proach to the effect of reinforcing fillers on the swelling of loaded stocks could 
be achieved by the following procedure. First, swelling measurements made 
on uncured, loaded stocks would eliminate uncertainties arising from differences 
in curing rates. The assumption is made that the black-rubber interaction is 
not developed in the curing process and can be detected in uncured stocks. 
Secondly, the use of poor swelling agents would result in small swelling volumes, 
a condition where it would be more likely to observe differences due to filler- 
rubber bonding. 

In Table IV are listed the results obtained using the different blacks at 
50-part loadings in GR-S. Swelling measurements were made using acetone 


TABLE IV 


PERCENTAGE VOLUME SWELLING OF RUBBER COMPONENT IN 
Uncurep GR-S Srocks 


100 parts GR-S; 50 parts black 


Trade name Acetone Ethyl acetate 
Spheron-1 (CC) 35 181 
Spheron-4 (HPC) 35 189 
Spheron-6 (MPC) 36 179 
Spheron-9 (EPC) 37 182 
Sterling-99 (FF) 34 181 
Shawinigan (CF) 34 176 
Philblack-A (HMF) ay 185 
Sterling-L (HMF) 35 183 
Sterling-S (SRF) 35 187 
P-33 (FT) 36 180 
Thermax (MT) 36 181 


GR-S gum 33 169 
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and ethyl acetate by immersing 2-gram samples of the uncured mix of black 
and GR-S in each of these solvents for a period of 72 hours at room temperature. 
A certain fraction of the uncured rubber, amounting to 6 to 12 per cent, was 
extracted during immersion. A correction was made for this extract in calcu- 
lating the percentage volume swelling of the rubber content of the mixture. 
As in the case of the vulcanized stocks previously mentioned, the data are 
consistent in demonstrating that reinforcing ability of a filler has no effect on 
the swelling properties of the rubber matrix. It will be noted that the “struc- 
ture’ blacks do not retard the swelling of the rubber component in these 
uncured mixes. As was mentioned previously, mechanical locking of the 
rubber structure around the chain-like carbon black aggregates which occurs 
during vulcanization seems to be necessary for these blacks to exert their 


swelling reducing property. 
CONCLUSIONS 


The fact that equilibrium swelling measurements do not show any strong 
interaction of a primary-valence type between filler and rubber does not ex- 
clude the possibility of weaker attractive forces, or such low concentrations of 
primary valence cross-linkages that they cannot be detected by the methods 
used. The results of this work indicate that carbon black—-rubber systems 
should be considered as simple physical mixtures. It is hoped that this con- 
cept will clarify some of the confusion regarding the reinforcing effect of finely 
divided powders. 
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EFFECT OF CARBON BLACKS ON SWELLING OF 
NEOPRENE GRM-10 VULCANIZATES * 


N. L. Carron anp D. C. THompson 


RvusBBER CHEMICALS DIvIsION, 
E. I. pu Ponr pe Nemours «& Co., Inc., WILMINGTON, DELAWARE 


Reinforcement of elastomers with fillers has generally been measured by 
physical properties, such as tension stress-strain, tear resistance, hardness, and 
compression modulus. Toa more limited extent, swelling in solvents has been 
recognized as associated with reinforcement. In natural-rubber vulcanizates 
it has been demonstrated that reinforcing fillers impart greater resistance to 
solvents and oils than do nonreinforcing types. Addition of the latter gives 
only the reduction in swelling attributable to elastomer dilution’. In the case 
of Neoprene vulcanizates, Catton and Fraser? reported that fillers function 
only as elastomer diluents and that those fillers commonly considered as of the 
reinforcing type impart no greater resistance to solvents than the nonrein- 
forcing type. 

More recently, however, Buist and Mottram’, in describing the effects of 
carbon blacks on the physical properties of natural rubber and Neoprene, 
reported that with both of these elastomers compounds containing thermal 
type carbon black gave slightly greater swelling in benzene than compounds 
containing equal loadings of other types of carbon black. With Neoprene, 
they reported good correlation between moduli and swelling characteristics. 

Rostler and Morrison‘ have reported small but consistent differences in 
swelling of GR-S compounds loaded with different types of carbon black; they 
attributed these differences to structure rather than surface area of the carbon 
black. 

The results of the investigation reported herein reveal a consistent corre- 
lation between the swelling characteristics of Neoprene vulcanizates and the 
type of carbon black loading. When compared at equivalent loadings, swelling 
values vary in inverse order to the surface area of the carbon black. Further- 
more, with a reinforcing carbon black, the decrease in swelling is not directly 
proportional to the amount of loading. At low loadings small increments of 
‘varbon black produce a disproportionately large decrease in swelling. As the 
loading is increased, the decrease in swelling observed for a given increment of 
loading approaches a constant—in other words, at higher loadings swelling 
ralues become inversely proportional to the amount of loading for a given 
carbon black. With a nonreinforcing black, the swelling values are inversely 
proportional to the amount of loading at all loadings. 


COMPOUNDS TESTED 


Nineteen different brands of carbon black, representing eleven official 
classifications®, were studied in a compound containing a ratio of 30 volumes of 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 8, pages 1523-1526, August 1948. 
This paper was presented before the Division of Rubber Chemistry of the American Chemical Society 
at its semiannual meeting, Cleveland, May 26-28, 1947. 
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carbon black to 100 volumes of Neoprene. Five of the carbon blacks, selected 
to represent channel, furnace, and thermal types, were studied over a range of 
loading ratios. The following base formula was used for all compounds: 


Parts by weight 
Neoprene GRM-10 100 
Phenyl-a-naphthylamine 2 
Extra-light calcined magnesia 4 
Carbon black Variable 
Zinc oxide 5 

With the exception of the five series of compounds containing varying 
amounts of carbon black, all mixing was done on a standard laboratory mill 
with rolls 6 inches in diameter and 12 inches long. Cold water was circulated 
through the rolls during the entire milling operation. 

The order of addition during mixing was as follows: Neoprene, carbon 
black, phenyl-a-naphthylamine, magnesia, and zine oxide. After the carbon 
black was incorporated and before the addition of the rest of the ingredients, 
the mix was removed from the mill, weighed, and more carbon black milled in, 
to compensate for any loss. Owing to the lack of lubricant (which was omitted 
to eliminate the possibility of an extraction effect on swelling) some mixes 
could not be cut in accordance with the A.S.T.M. standard method*®. There- 
fore, to ensure good dispersion, all batches were rolled and passed through the 
bite endwise fifteen times before sheeting out. 

In the case of the five series of compounds prepared from different carbon 
blacks at various loading, a master batch of each carbon black in Neoprene 
was mixed on a mill having rolls 30 inches long and 14 inches in diameter. 
For each carbon black so master-batched, the following weight ratios of carbon 
black to elastomer were used: 


Channel (MPC) 2to3 
Furnace (HMF) l to 1 
Furnace (SRF) 3 to 2 
Thermal (FT) 2 tol 
Thermal (MT) 2 tol 


Cold water was circulated through the rolls during the mixing. Master 
batches were weighed, and more carbon black was milled in to compensate 
for any loss. 

The individual batches prepared from the master batches were mixed on 
the standard laboratory mill. The master batch and remaining Neoprene 
portion of the formulation were broken down separately. The Neoprene was 
added in increments to the master batch to ensure good dispersion. The 
mixing was completed in the same manner as described for the other compounds. 

All compounds were press-cured in the form of 6 X 6 X 0.075 inch sheets 
for 30 minutes at 141.7° C (287° F). 


DATA OBTAINED FROM TESTS 


Volume increase data were obtained by the test procedure of the A.S.T.M. 
and the immersion medium described therein as petroleum base oil No. 3. 
Values are reported after 7 and 14 days’ immersion at 100° C. In most cases 
from two to four separate determinations were made and the results subjected 
to statistical analysis to obtain the reported values. 

Tension stress-strain data and durometer hardness values were obtained in 
accordance with standard A.S.T.M. procedures. These test-specimens as well 
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as the volume-increase specimens were obtained from the same press-cured 
test sheet. 

The relation between the amount of carbon-black loading and swelling was 
studied by preparing a series of compounds containing 5, 10, 15, 20, 30, and 
45 volumes of carbon black per 100 volumes of Neoprene for each of the 
following types of carbon black: MPC, HMF, SRF, FT, and MT. This 
relation is shown in Figure 1, where volume increase in A.S.T.M. No. 3 oil after 
14 days at 100° C is plotted against the amount of loading for each carbon 
black. At all loadings the channel black series swells the least and the HMF 
and SRF series are approximately equal to each other, being intermediate 
between the channel and the higher swelling thermal black compounds. The 
swelling value of the MT carbon black series is proportional to the loading 
throughout the entire range. With the other carbon blacks, the rate at which 
swelling decreases with increased loading varies up to about 20 volumes loading. 
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This rate is greatest at low loadings for any given carbon black other than the 
MT carbon black, and becomes constant at approximately 20 volumes of 
loading—that is, beyond this point swelling becomes proportional to loading. 
The constant rate attained at 20-volume loading is the same for each carbon 
black series, at least within the 20- to 45-volume range studied in this investi- 
gation. Below the 20-volume loading limit the rate of decrease in swelling 
with increased loading is greatest for the channel black series, followed in order 
by the furnace black and fine thermal black series. 

These observations indicate that the FT, HMF, SRF, and MPC carbon 
blacks impart a resistance to swelling above that obtained with MT carbon 
black, which functions only as an elastomer diluent. This increase in resistance 
to swelling that is not attributable to elastomer dilution is maintained, but not 
enhanced, by increased loading over 20 volumes. In other words, beyond this 
loading, additional carbon black functions only as an elastomer diluent. 

As the swelling resistance effect, beyond that attributable to elastomer 
dilution, appears to be lost as the loading is increased, it might be reasoned 
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that the low swelling values obtained with a reinforcing carbon black could be 
duplicated by the use of part reinforcing black and part nonreinforcing black. 
To check this, a compound was prepared with 10 volumes of conductive channel 
black (which was shown to impart the lowest swelling) and 20 volumes of MT 
carbon black. This compound swelled 144 and 151 per cent after 7 and 14 
days, respectively, in A.S.T.M. No. 3 oil at 100° C. These values are inter- 
mediate between the swelling values for the MT carbon black and CC carbon 
black compounds in direct proportion to the amount of each used; thus, it is 
indicated that only part of the resistance to swelling imparted by conductive 
channel black, not attributable to elastomer dilution, is retained when diluted 
with a nonreinforcing carbon black. 


TABLE | 
PuysicaL DaTa—VARIATION IN LOADING 


Volume increase Ulti- 





in A.S.T.M. no. 3 Stress at mate Durom- 
oil at 100° C (%) 300% Tensile elonga- eter 
r “A ~ elongation strength tion hard- 
7 days 14 days (Ib./sq. in.) (Ib./sq. in.) (%) ness 
Base compound 209 222 150 3675 1100 40 
MT carbon black 
5 volumes 203 212 200 3950 1065 43 
10 volumes 187 201 300 3500 1050 46 
15 volumes 176 192 325 3075 1050 48 
20 volumes 168 186 475 2500 1000 50 
30 volumes* 153 162 775 2275 700 55 
45 volumes 132 141 1050 1875 580 58 
FT carbon black 
5 volumes 197 200 225 3950 1125 43 
10 volumes 182 190 275 3850 1110 46 
15 volumes 172 183 350 3700 1095 49 
20 volumes 163 167 425 3325 1080 51 
30 volumes* 149 155 675 2400 945 56 
45 volumes 131 134 1150 1575 575 60 
SRF carbon black 
5 volumes 191 208 270 3850 1055 45 
10 volumes 176 188 480 3875 1000 50 
15 volumes 169 180 730 3675 950 52 
20 volumes 153 164 1090 3100 795 57 
30 volumes? 135 142 1850 2975 600 64 
45 volumes 106 121 2850 2800 385 75 
HMF carbon black 
5 volumes 195 202 250 3900 1085 46 
10 volumes 180 189 425 3750 1030 50 
15 volumes 166 184 650 3350 955 54 
20 volumes 155 161 975 3075 825 58 
30 volumes? 137 146 1725 2950 595 66 
45 volumes 108 119 2775 2900 340 75 
MPC carbon black 
5 volumes 176 197 400 4525 1000 48 
10 volumes 155 171 575 4675 940 54 
15 volumes 141 149 850 4650 870 57 
20 volumes 138 142 1300 4075 630 62 
30 volumes? 111 123 2025 4000 570 73 
45 volumes 95 100 3050 3725 385 81 


* Swelling values shown in this table are the average of a single pair of checks run at the same time 
hence are not identical to the corresponding values shown in Table II, which are the results of a statistical 
treatment of several successive runs, 
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A 30-volume loading ratio was selected for evaluation of the remaining 
carbon blacks studied because this loading is well within the range where 
increase in resistance to swelling is proportional to increase in loading. The 
numerical differences in swelling values at lower loadings would be smaller, 
and the variations due to experimental error would exert a greater influence. 

The variation in swelling after 7 and 14 days at 100° C in A.S.T.M. No.3 
oil for each of the carbon blacks studied at 30-volume loading is shown in 
Figure 2. Substantial variations from a value of 107 per cent at one extreme 
to 161 per cent at the other after 7 days, and from 113 to 171 per cent after 
14 days, were obtained. When arranged according to their classifications’ as 
in Figure 2, the order of magnitude of swelling indicates three distinct group- 
ings: channel blacks, furnace blacks, and thermal blacks. The extremely fine 
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particle size conductive channel black exhibits less swelling than the re- 
mainder of the channel blacks. Lampblack and acetylene black appear to fall 
within the group of furnace blacks. This differentiation suggests a correlation 
with surface area values. 

Surface area was measured on samples from the same package of carbon 
black used to prepare the test-specimens, by the low temperature nitrogen 
absorption technique of Emmett and De Witt*®. With minor exceptions the 
values obtained checked reasonably well with published data®. The 14-day 
swelling values are plotted in Figure 3 against the surface area of the carbon 
black on a logarithmic scale. As the points indicate a straight line, it was 
concluded that within the limits of experimental error, the swelling values of 
Neoprene vulcanizates containing different carbon blacks at equivalent loading 
are inversely proportional to the logarithm of the surface area of the carbon 
black. 

The state of cure of a Neoprene vulcanizate has a pronounced effect on 
its resistance to oil swelling. For example, an MPC carbon black vulcanizate 
with 20-volume loading was evaluated at two states of cure with the following 


results: 
Volume increase in A.S.T.M. 





Cure at no. 3 oil at 100° C (%) 
141.7° C aa rn , 
(minutes) 7 days 14 days 
30 138 142 
60 113 121 


Forman and Radcliff!’ have indicated that temperature-retraction data 
(T-values) may be a method of determining the effects of different fillers on 
the state of cure of Neoprene. Temperature-retraction data for these vulcani- 
zates were determined in accordance with their method. Notable differences 
were observed; greatest differences were at the T-30 level. In Figure 4 the 
T-30 values are plotted against the surface area of the carbon black on a 
logarithmic scale. If these values may be taken as a measure of state of cure, 
the curve shows that, under given curing conditions, the state of cure varies 
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TABLE II 


PuysicaL Data—Various CARBON Biacks aT 30-VoLUME LOADING 


Diameter Volume increase 
1 


(caled. in A.S.T.M. Stress at Ulti- 
Carbon Surface from no. 3 oil at 300% mate Durom. 
black area surface 100° C (%) elonga- Tensile elonga- eter 
classifi- (sq. area, 9 -————~———,,__ T-30 tion strength tion hard- 
cation m./g.) microns) 7days 14 days (°C) (ib./sq.in.) (Ib./sq.in.) (%) ness 
CC 401.8 0.0083 107 118 — 45 1725 5425 675 85 
HPC 173.6 0.0191 117 127 — 7.1 1850 4225 675 77 
HPC 123.5 0.0268 119 128 — 7.0 2000 3725 595 75 
MPC 115.7 0.0286 117 127. —-10.0 2025 4000 570 73 
MPC 118.4 0.0280 117 128 -— 9.8 2025 3950 600 75 
EPC 142.3 0.0233 114 123 —- 88 1950 3900 620 76 
EPC 117.5 0.0282 119 131 — 98 2025 3600 580 75 
CF 67.5 0.049 136 144 -—11.2 1825 3250 600 70 
FF 56.5 0.059 142 152 —12.4 1625 3100 600 68 


Acetylene 60.1 0.055 133 142 -—10.0 1975 2550 500 75 


HEF 39.0 0.085 145 154 —13.2 1400 2525 700 65 
HMF 39.7 0.084 130 141 —11.7 2225 2875 480 73 
HMF 34.9 0.095 139 147) —12.5 1725 2950 595 66 
SRF 25.7 0.129 131 140 -—148 1850 2975 600 64 
SRF 22.5 0.147 143 153 —13.0 1475 2250 600 63 
Lampblack 17.1 0.194 140 148 -—11.4 1450 1925 600 65 
FT 15.3 0.217 147 155 —21.1 675 2400 945 56 
MT 7.9 0.42 161 162 —22.0 600 2025 1000 55 
MT 7.7 0.43 157 171) = —22.1 775 2275 700 55 


inversely with the fineness of the carbon black at equivalent loading. If this 
is the case, differences in swelling values observed for different carbon black 
loadings are less than would be expected had the vulcanizates been compared 
at equivalent states of cure. 

The effect of carbon black on the cure of Neoprene appears to be a contro- 
versial issue, however. Buist and Mottram* reported that in Neoprene-GN, 
neither the type nor proportion of black affected the rate of vulcanization. 
If this is the case, all the vulcanizates compared in this study had the same 
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state of cure; hence, differences in swelling values must be attributable only to 


differences in carbon black. 
In addition to the observations already discussed, this work has shown that 


there is a lack of correlation between the modulus and swelling characteristics 
of these vulcanizates, as is evident from a consideration of the physical data 
presented in Table II. There is, however, a high degree of correlation between 
the hardness of the vuleanizates and the surface area of the carbon black, as 


shown in Figure 5. 
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AN IMPROVED LOW-TEMPERATURE 
BRITTLENESS TEST * 


E. F. Smiru anp G. J. DIENES 


DEVELOPMENT LABORATORIES, BAKELITE CORPORATION, BouND Brook, NEW JERSEY 


The need for a test that will predict the behavior of elastomers at low 
temperatures has already been discussed by Selker, Winspear, and Kemp! and 
by others’. They also developed a method and equipment for obtaining the 
temperature at which elastomers become brittle. This temperature was de- 
fined as the lowest temperature at which the material can withstand sudden 
deformation (bending) under specified conditions without breaking. It was 
found that this temperature depended on the maximum strain (radius of 
curvature of the bend) and the rate of straining (velocity of impact). It was 
found also that some materials such as natural rubber had very sharp brittle 
points, whereas with other elastomers temperature ranges were found in which 
both failures and nonfailures occurred. Therefore the brittleness temperature 
was defined as the lowest temperature at which five successive specimens 
remained unbroken. 

On the basis of the work done by these investigators a tentative method of 
test was adopted by the American Society for Testing Materials. The equip- 
ment suggested in the tentative method tested only one specimen at a time. 
This is very time-consuming since each specimen must be cooled at least two 
minutes prior to testing and several test-specimens must be run to locate the 
brittleness temperature. This temperature then must be confirmed by at 
least five additional tests. In addition, it was found that with some materials 
the region in which both failures and nonfailures occurred was very wide (as 
much as 40° C); hence the brittleness temperature might vary widely from 
test to test in spite of the criterion of five successive nonfailures. The width 
of this temperature interval and the distribution of the percentage of failures 
and nonfailures are important characteristics of the low-temperature brittle- 
ness of a material. 

It is evident that brittleness testing with a one-specimen machine is highly 
time-consuming, even for materials with sharp brittle points. Such a machine 
becomes totally inadequate whenever the brittleness characteristics must be 
determined by a statistical analysis of failures and nonfailures. To meet this 
need, an improved five-specimen tester was designed and a simple method of 
statistical analysis developed. 


APPARATUS 


Figure 1 is a photograph of the interior of the improved tester, showing 
the specimens in place and the striking arm about halfway through its travel. 
The bath is empty but it is normally filled with coolant to about one inch 
above the specimens. A stirrer located in the rear is obscured by the striker. 
Also in the rear is a heater for raising the temperature rapidly. This part of 


* Reprinted from the ASTM Bulletin, No. 154, pages 46-49, October 1948. 
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Fic. 1.—Interior of brittleness tester. 





Fic. 2.—High-speed motion pictures used to measure the velocity 





of striking arm. 
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Fie. 3.—Angular displacement of striker versus time in seconds during a brittleness test. 





Fia, 4.—The brittleness tester. 
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the tester is essentially the same as that suggested in the A.S.T.M. Method? 
D746 except that five specimens are tested instead of one. The specimens 
are held in the coolant for at least two minutes and are then bent by the striking 
arm through an angle of approximately 90 degrees. The velocity of the 
striking arm is specified as 6.5 + 0.5 feet per second. The clearance between 
the specimen clamp and the striking head is 4 inch*. To facilitate changing 
specimens the holder is pivoted about the striking arm shaft. To change 
specimens it is swung out of the bath (see Figure 4), the clamp is removed, and 
is then replaced with one containing new specimens. 

Since the brittle temperature depends on the maximum strain and rate of 
straining, machine clearances and specimen thickness must be accurately con- 
trolled and the velocity of the impact must be unaffected by bending the 
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Fic. 5.—Percentage of failures distribution versus temperature curve for 
polyethylene resin DY NH. : 


specimens. To maintain the velocity of the striking arm constant, sufficient 
energy is supplied by attaching a flywheel to a 1¢-h.p. motor. The motor and 
flywheel run continuously. To perform a test, the striking arm is engaged by 
a specially designed clutch, turned one revolution, and arrested. 

The motion of the striking arm under actual testing conditions was studied 
by means of high-speed motion pictures (4000 frames per second) taken at the 
Bell Telephone Laboratories with a Western Electric Fastax camera. Figure 2 
shows three consecutive frames of one of these films. In the lower left-hand 
corner is the timer, a disk, graduated in 10-degree intervals, attached to the 
shaft of a synchronous motor rotating at 1800 r.p.m. The disk in the center 
is attached to the striking arm shaft and above is a reference mark on the frame 
of the tester. 

Figure 3 is a plot of the angular displacement of the shaft versus time in 
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seconds. It shows that a slight rebound occurs as the clutch engages the 
striker, but the velocity is constant before, during, and after impact. From 
the slope of the line the velocity is computed to be 6.6 feet per second. Pig. 
tures were taken under various testing conditions with identical results. 
Figure 4 is a picture of the complete unit‘. The clutch is operated by 
turning the handle to the right of the tank 90 degrees in a clockwise direction, 
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Fic. 6.—Log percentage of failures versus temperature curve for data of Figure 5. 


A safety device makes it impossible to operate the clutch unless the specimens 
are in place, and the splash cover closed and latched. 

Acetone and ethyl alcohol or liquid Freon are used in the bath, and dry 
ice or liquid nitrogen as the refrigerant. The unit has given trouble-free 
operation at temperatures as low as —130° C. 


RESULTS AND DISCUSSION 


The advantages of this machine can perhaps be best illustrated by the 
low-temperature behavior of a typical polyethylene. It was found that reliable 





data 
tem] 
ture 
are | 
curv 
is S( 
defi 
T's, 


FAILURES 
a oa 


PERCENT 
-y 


— nF TH et 








es the 
From 
Pic. 


is. 
ited by 
rection, 


ns 


ry 
ee 


1e 
le 





LOW TEMPERATURE BRITTLENESS TEST 825 


data could be obtained only by a statistical study of failures as a function of 
temperature. Ten to thirty specimens had to be broken at a given tempera- 
ture to obtain a picture of the brittle temperature distribution. The results 
are shown in Figure 5, as percentage of failures versus temperature distribution 
curve. The temperature spread from complete failure to complete nonfailure 
is so wide (about 40° C) that the brittle temperature of polyethylene can be 
defined only in terms of an arbitrary point along the distribution curve, say, 
To, corresponding to 50 per cent failure. 
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Fig. 7.—Percentage failure distribution versus temperature curves for various elastomers. 


The curve of Figure 5 suggests an exponential behavior. Replotting in 
terms of log (percentage failure) versus temperature results in a straight line as 
shown in Figure 6. Such a semilog plot, since it is linear, permits averaging 
of the experimental points, and is very convenient for a precise determination 
of the 50 per cent breakage point. The brittle temperature distribution for 
polyethylene may, therefore, be represented by the equation: 


n = Ae~@T (1) 
where 
per cent failures 
temperature in degrees absolute 
constants 


n 
T 
A anda 


Since the line must stop at 100 per cent failures, Equation 1, of course, has no 
meaning at temperatures below this point. The constant a, which is calcu- 
lable from the slope of the semilog plot by 


a = —2.3 X slope (2) 
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is a measure of the sharpness or width of the transition interval. A large 
value of a means that the transition interval is narrow, while small values 
of a characterize a distribution curve which is spread over a wide range of 
temperatures. 

Thus, a statistical study not only defines a brittle point, 7's, which has q 
definite and clear-cut meaning but also furnishes further information about the 
material under test, namely, the width of its brittle temperature interval. It 
is recognized that, for materials which are characterized by a narrow brittle. 
ness distribution, the brittle temperature Ty is very near the temperature 
at which no specimens fail. This is evidently not the case of such materials 
as polyethylene. Because of the nature of the distribution curves (see Figures 
5 and 6), which approach the no failure line very gradually, extrapolation to 
zero percentage failure is impractical. However, for purposes of comparison, 
it may be useful to specify also 7), that is, the temperature at 1 per cent failure, 
as an index of brittle temperature. 
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Fic. 8.—Log of percentage failure versus temperature curves of three Vinylite compounds. 
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Vinylite compounds also show a transition interval, which, however, is 
considerably narrower than that for polyethylene. In Figures 7 and 8 data 
are presented for two plasticized Vinylite VY NW compounds and for a Vinylite 
wire insulation compound, VG-9531. Again the exponential representation is 
found to be very satisfactory (Figure 8), although the distribution curves are 
considerably sharper. Figure 7 also shows the results for two synthetic rubber 
compounds. The transition interval is narrow enough in the case of the rub- 
bers to dispense with the statistical method for routine testing. Fifteen 
specimens were tested at each temperature in determining these curves. 

It is of interest to compare numerically the brittle temperature properties 
of the above compounds as shown in Table I. 


TABLE I 


Brittle temperature Sharpness of 
at 50 per cent breakage _ transition 
Material (Tw, degrees Centigrade) interval (a) 


Polyethylene, DY NH —93 0.11 
VG-9531 — 2.5 0.21 
Vinylite VYNW + 35% dioctylphthalate — 32.5 0.29 
Vinylite VYNW + 45% dioctylphthalate — 44.2 0.34 
Neoprene — 35.7 Approx. 1.8 
Hycar —19.5 Approx. 0.7 


These examples illustrate the necessity of carrying out a statistical study 
of the brittle temperature properties of any new elastomer. The statistical 
method cannot be dispensed with even in routine testing unless the transition 
interval is very narrow, represented by a large a—possibly greater than 0.5. 
The type of instrument described here makes it possible to obtain the necessary 
data for a statistical analysis with a reasonable amount of work. 


SUMMARY 


An improved low-temperature brittleness tester, capable of testing five 
specimens simultaneously, is described. All machine specifications conform to 
A.S.T.M. Method D 746-44T*. Data are presented which show that many 
elastomers do not possess a sharp brittle point but are characterized by a distri- 
bution of failures over a temperature interval. The improved brittleness tester 
makes it possible to carry out the necessary statistical study of the distribution 
of per cent failures versus temperature with a reasonable amount of work. 
A simple analysis of the resulting distribution curve is presented. 
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INSTRUMENT FOR MEASURING STRESS 
RELAXATION OF HIGH POLYMER 
MATERIALS * 


W.S. MacponaLp AND ALExis USHAKOFF 


W. S. Macponatp & Co., CAMBRIDGE, MASSACHUSETTS 


Standard test methods in the field of stress relaxation of high polymer 
materials have been neglected partly because satisfactory instrumentation has 
not been available. One method of measurement recommended by the Ameri- 
can Society for Testing Materials! has been described as a compression-set 
test, whereby a sample of standard size and shape is distorted by clamping 
between metal plates, heated for a prescribed time in an oven, then unclamped, 
and allowed to resume its shape for a period of one hour. The ratio of the 
thickness of the sample before clamping to that after release is used as a figure 
of merit of the material tested. 

This A.S.T.M. method does not, of course, give a dynamic measurement of 
stress relaxation under ‘strain, and although the measurements provide an 
index by which materials may be graded, it is often desirable to obtain more 
accurate and detailed information and to be able to predict by extrapolation 
the expected future behavior of the material. Furthermore, as the sample is 
clamped before being heated, it is difficult to separate the effects of temperature 
change from those caused by the fundamental decay of the material. 

The authors were desirous of making rapid measurements that would make 
possible the classification of materials to a higher degree of accuracy than can 
be obtained through the use of the compression set method. It was hoped 
that enough information would be obtained to enable predictions to be made 
of relaxation values as a function of time following the application of a given 
load to the material. It was expected that this might be accomplished by 
extrapolation of data taken in a short period of time with a suitable instrument. 

Theories of elasticity have been treated mathematically”, but the behavior 
of an elastic body over a period of time under constant strain has not been 
represented by an equation involving only one constant of proportionality. 
The apparatus developed by the authors to solve this problem consists basically 
of a measuring jig that applies a predetermined initial stress to the sample; 
the strain thus built up in the sample is then maintained essentially constant, 
and the stress is allowed to relax. The stress as a function of time is recorded 
automatically for the entire period of the test. 

Through experimentation with this instrument it was found that the data 
obtained by plotting stress relaxation against time at constant temperature 
yield logarithmic curves. Therefore, plotting on semilog paper gives straight 
lines, the slopes of which can be used as indexes of the stress relaxation charac- 
teristic of the materials. This is in agreement with work done on creep tests 
of textiles*. The straight lines obtained in tests of a few hours’ duration 

* Reprinted from Analytical Chemistry, Vol. 20, No. 8, pages 713-717, August 1948. This paper was 


presented at the High Polymer Forum, sponsored by the Division of Cellulose Chemistry, at the 112th 
Meeting of the American Chemical Society, New York, September 17-19, 1947. 
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apparently may be extrapolated to periods of a month or more; actual tests 
carried to over 1800 hours have indicated very close adherence to the straight- 
line plot. Tests are currently being extended for several months to provide 
additional experimental verification of the logarithmic stress relaxation be- 


havior. 
REQUIREMENTS 


The requirements for a suitable measuring jig are as follows: 

It should be able to apply in less than a second a predetermined initial 
stress of several hundred pounds per square inch to a sample 1 square inch in 
cross-section and 0.5 inch thick. 

The measuring spring deflection should be small (less than 5 per cent of the 
sample compression under load) so that the spring is affected only by relaxation 
and the sample remains under nearly constant strain. 

The anvil upon which the sample to be measured is clamped should deflect 
less than 1 per cent of the spring deflection under load. ’ 

The measuring element should be temperature-compensated, so that meas- 
urements can be taken at any desired temperature without instrument sensi- 
tivity or zero shifting. 

It should be possible to measure samples in compression, tension, and shear. 

Provision should be made for keeping the surfaces of the samples from 
slipping in the clamps. 

The recorder should be able to record the output of the measuring jig 
over periods of several days, with an error or less than 0.2 per cent of full 
instrument scale. 


APPARATUS 


The unit described meets the above requirements. It consists of two com- 
ponents: a measuring jig which applies a desired initial stress to the sample 
and measures its relaxation on a continuous basis after the test starts, and a 
suitable recorder. 

In accordance with the requirements that the allowable spring travel be 
small, a flat leaf spring is used as the measuring element. The stress in the 
sample causes a proportional deflection of the leaf spring, which is measured 
by means of an electrical resistance strain gauge bridge cemented to the spring. 
This bridge can be accurately balanced and calibrated; and as all four arms are 
cemented directly to the spring’s surface, the bridge can easily be temperature- 
compensated. 

An early model of jig, shown in Figure 1, was made to check the method 
and to obtain information for further development. 

The base or anvil plate, A, was made of 1-inch cold rolled steel; the spring, 
B, of 0.25-inch cold rolled steel, 2 inches wide and 5 inches between knife edges. 
The knife edges, C, were driven by clamping bolts, D. The strain gauge 
bridge was cemented to the upper surface of B at HZ, and the two clamping 
surfaces, F, were knurled to prevent sample slippage. Springs, G, held the 
measuring spring plate, B, from contact with base-plate A before the clamping 
bolts were tightened. 

This jig proved the usefulness of the instrument, but lack of means of 
applying quickly a known load to the test-sample made it difficult to duplicate 
readings for a given material. 

To overcome this, the jig illustrated in Figure 2 was designed. 
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Fig. 1.—Early model of jig. 











Fig. 2.—Model of revised jig. : 
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The fixed anvil of the previous model is replaced by a movable, variable- 
length plunger driven by a lever-operated cam, A. The spring plate, B, is the 
anvil upon which the sample under test is clamped. The adjustable plunger 
allows for the use of test-samples of varying thicknesses, and for predeter- 
mining the strain (and initial stress) to be applied to the sample. The cam 
drive always moves the plunger through a fixed distance, and assures positive 
clamping in a minimum amount of time. The:strain gauge bridge, after being 
cemented to the lower spring surface, B, is balanced and temperature-corrected 
so that it holds its zero reading within 0.2 per cent from 70° to 180° F under 
no-load conditions. Subsequently, there is run a calibration curve of load in 
pounds against millivolts per volt applied to the bridge. 

A modified Foxboro Dynalog, C, is used for recording the output of the 
electrical strain-gauge bridge. This recorder was designed specifically for use 





Fia. 3.—Final apparatus. 
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with strain gauges and incorporates the voltage supply for the bridge in addi- 
tion to performing its main function of recording output voltage. The modi- 
fication consists of adding a range-extending switch to suppress the zero of the 
instrument in three steps, thus changing the normal 4-inch deflection range of 
the instrument to 12 inches. 

The final version of the apparatus is illustrated in Figure 3. The measuring 
jig, Figure 2, a temperature-regulated oven, and a Foxboro recorder have been 
integrated into a compact unit. 


PROCEDURE 


The specimen size selected for tests is the standard pellet of the American 
Society for Testing Materials, normally used for measuring rubber compression 
set. This pellet measures 0.5 inch thick by 1.129 inches in diameter (1 square 
inch in area). The standard 2-inch high plastic sample, however, may be used. 

The testing procedure consists of subjecting the specimen to a predeter- 
mined initial stress and recording the decay continuously as ordinate against 
time as abscissa. A pellet is centered on the spring and the plunger adjusted 
by trial until the pressure exerted by the spring on the specimen reaches the 
desired value. The expended specimen is then removed in each case, and a 
new one of the same material substituted before the recorder is started. 

It has been found desirable to hold the temperature of the testing jig con- 
stant during tests; otherwise the volume expansion of the material produces an 
error in reading. Although the expansion error might be corrected, it is more 
straightforward to control the measuring jig temperature. Individual tests 
have covered periods ranging from 1 hour to 3 months. At the end of each 
test a check reading of the instrument zero makes certain that no drifts have 
occurred during the analysis. 

The test data are analyzed by plotting the ratio between the stress at each 
point on the record curve and that at a common reference point as ordinate 
against a logarithmic time scale as abscissa. 

Because the rate of decay of stress is at first in all instances very rapid, 
it has been found impractical to use the peak recorded stress as the common 
denominator for the interpretation of results. Accordingly there is selected 
the earliest point for which accurate measurements can be made after the 
relaxation of the specimen has stabilized. In the work covered by this report 
this time was established as 0.01 hour after the stress had been applied to the 
specimen. 

After the above-defined stress ratios have been plotted against a logarithmic 
time scale for each test run, the negative slopes of the curves are determined 
graphically. Figures 4, 5, 6, and 7 are characteristic of the plots obtained. 
Figure 4 shows a comparison between the curves for certain samples of natural 
rubber, Neoprene, and Buna-S. Error in choosing the starting time at 0.01 
hour has displaced the Neoprene curve downward, but has not affected the 
slope, which is the important parameter. Figure 5 shows the effect of ambient 
temperature on specimens of Buna-S. Figure 6 shows the effect of humidity 
variation at constant temperature; 100 per cent humidity was maintained after 
the sample had been soaked in water. Figure 7 shows the curves of other 
materials and suggests that the test is useful for a wide variety of plastics. 

All these measurements were made with an initial stress of approximately 
300 pounds per square inch. Additional measurements with initial stress up 
to 600 pounds per square inch indicated variations in the slopes smaller than 
inherent variations among individual sample pellets of any one material. 
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Fia. 8.—Extended period test. 


Although cylindrical samples were used, the shape factor is not important 
as long as comparisons are made between specimens of identical geometry. 

The nature of the stress-time decay curves as illustrated in Figures 4 to 8 
(see Table I) is apparently that of a logarithmic relaxation in stress with 
respect to time. Figure 8 shows an extended period test with measurements 
up to 145 hours, in which the logarithmic stress relaxation is very closely 
maintained. On the basis of these data the pressure exerted on relatively stiff 
clamping members by a plastic sample at times greater than 0.01 hour may be 
calculated from the equation: 


(S/So) = 1 — K (log t/to) 


where S = clamping pressure at time ¢ 
So = clamping pressure at time to 
t = 0.01 hour 
K = slope of time decay curves 


The case for which is less than 0.01 hour is excluded, because the instru- 
ment does not lend itself to analysis over such short periods. 

At the start of each test a slight slippage of the material along the surface 
of the clamping plates is apparent. This effect lasts for varying lengths of 
time, depending on the material under test. Because it is also logarithmic in 
character, it appears in the final plot of the test results as an increase in the 
slope of the curve. The slippage, when it is noticeable, seldom lasts for more 


TABLE I 


MatTERIAL Stock NUMBERS AND Cope LETTERS FOR SAMPLES ILLUSTRATED 
IN FiaurRES 4 THROUGH 8 


du Pont 


Figure Material Code stock no. 
4 Rubber UE 846-14 
4 Neoprene UH 846-N-1592 
4 Buna § UG 846B-27 
5 Buna §S CB 1333B-2A 
6 Buna § CB 1333B-2A 
7 Buna § UG 846B-27 
8 Rubber UE 846-14 
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than 0.1 hour, and is easily separated from the stress relaxation of the specimen 
by the appearance of a discontinuity in the slope of the curve. This can be 
seen clearly in Figure 9. The clamping plates are roughened to reduce the 
slippage effect and avoid the necessity of cementing or vulcanizing the speci- 
men to them. 

To give further experimental support to the method of extrapolating the 
data, several long-term tests were conducted on Buna-S and Neoprene covering 
periods in excess of 60 days. These showed satisfactory linearity when plotted 
on semilog paper, and, therefore, agreed closely with extrapolation from the 
early data of the respective tests. In connection with these and all other tests, 
it was also found that the linearity of the data improved with the care taken 
in performing the experiment. Such items as stabilizing the oven and sample 
temperatures before test have relatively large influence on the appearance of 
the resulting data. 
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Fria. 9.—Effect of slippage. 


Specimens have also been tested in tension and shear by simple adaptation 
of the clamping device. The resulting curves have been indistinguishable 
from the ones taken in compression. 


APPLICATIONS 


A stress-relaxation measurement, making possible the extrapolation to a 
period of months of a curve requiring but a short test to establish, lends itself 
admirably to industrial problems involving gaskets, shock mounts, retaining 
bands, supports, ete. In an effectively rigid system the high polymer member 
may be adjusted to ensure proper pressures or positions in the future. As the 
shape of the sample is not a limiting factor, jigs can be adapted to an unlimited 
number of articles to be tested. Thus, the guesswork of choosing a material 
best suited to a given set of conditions is reduced once a set of these tests has 
been performed. 

Curves can be run on materials that are in process of curing, aging, and 
dehydrating. Extrapolations of purely theoretical interest can also be carried 
out on samples whose properties are not stable over a long period. Successive 
curves taken on a series of supposedly identical samples indicate the effect of 
a process, whether it be natural or the result of a predetermined set of imposed 
conditions. Controlled atmospheres containing moisture, ozone, or solvents 
may be introduced. 

The instrument can be used for quality control. Samples from production 
lines may be tested to be sure that the effects of plasticizer, accelerator, or 
solvent remain constant. Variations in performance beyond those permissible 
for the process would be quickly recognized and call for corrective action. 
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EXAMPLE 


A problem of the stress relaxation of a gasket will serve as an example of 
the use of information obtained in the manner described above. Assume that 
a Neoprene gasket must be compressed to 500 pounds per square inch to 
prevent leakage in a pipe joint. Three arbitrary formulations are available: 
A, B, and C (Figure 10). The mechanics of the system (Figure 11) limit the 
maximum gasket stress to 700 pounds per square inch. Which composition 
may be used to prevent leakage over a period of a thousand hours? 

If all three gaskets are originally tightened to 700 pounds per square inch, 
gaskets A, B, and C will in 10 hours relax to 640, 610, and 570 pounds per 
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Fig. 10.—Example of stress relaxation of gasket. 
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Fic. 11.—System for testing gasket. 
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square inch, respectively. At the end of 100 hours they will have relaxed to 
625, 580, and 525 pounds per square inch, respectively. Gasket C will fail at 
400 hours, but at 1000 hours gaskets A and B will still be exerting safe loads 
of 600 and 545 pounds per square inch. 


CONCLUSIONS 


Up to now little use has been made of the strain gauge as a means of meas- 
uring stress, although the idea is not original and has been used recently in 
textile and building materials laboratories. Chain balances‘, sliding balance 
weights actuated by wires’, and servo-mechanisms*® have been incorporated in 
most constant-strain tests, which have necessitated cumbersome equipment. 

The instrument used in the experiments described above is a compact unit, 
measuring 2 feet 8 inches X 1 foot 4.5 inches X 1 foot, containing a minimum 
of moving parts, essentially free from draft and vibration effects, and with the 
advantage that it measures the relaxation characteristics of a substance under 
constant strain (constant sample deflection). 

As identical curves have resulted from samples in tension and from those 
under compression, the compression test is generally used because of its relative | 
simplicity. 

The relaxation characteristics of a number of materials can be specified by 
one constant when tested under given temperature and humidity conditions 
and for a specified sample shape. Because all characteristic curves are straight 
lines on semilog paper, the suggested ideal parameter is the slope K of the 
characteristic curve as indicated by the equation: 


(S/So) = 1 — K log (¢/to) 


The unit requires a 110-volt alternating current supply, but is voltage- 
stabilized to withstand normal industrial line voltage variations. 
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RELATIONSHIP BETWEEN LABORATORY ABRASION 
TESTS AND SERVICE PERFORMANCE * 


T. R. Grirritn, E. B. Storey, J. W. D. BARKLEy, 
AND F. M. McGILvray 


RvusBBER LABORATORY, NATIONAL RESEARCH CouNcIL, Orrawa, CANADA 


In development work on GR-S commercial recapping compounds originated 
in 1943 by the Directorate of Mechanical Engineering, Department of National 
Defence, Ottawa, Canada, in which an attempt was made to correlate road 
performance with physical properties as determined in the laboratory, it was 
found that no relationship whatever existed between the results of road tests 
carried out under the supervision of that directorate and standard laboratory 
abrasion resistance tests carried out in the Canadian National Research Council 
Rubber Laboratory at Ottawa. In the laboratory test the sandpaper in the 
abrasion machine became coated with a smear of tacky viscous material which 
the air jet was unable to remove. Under these conditions the rubber tends to 
slide over the sandpaper surface, with relatively little actual abrasion of the 
rubber. The effect remains even after a considerable overcure of the sample. 

It was felt that the removal of the tacky viscous material from vulcanized 
GR-S by extraction might give more reliable abrasion resistance results, 
inasmuch as, on the road, rubber is constantly coming in contact with a new 
surface and such viscous material is thus being continually removed as it 
migrates to the surface of the rubber. From this point of view, then, the tread 
surface while being abraded on the road may be looked upon as extracted 
rubber and may be considered as conforming closely to the extracted laboratory 
specimen. 


METHOD OF TEST 


Method of extraction.—Where vulcanized rubber was extracted prior to the 
abrasion resistance test, this extraction was carried out in standard Soxhlet 
apparatus, without paper thimble. 

The solvent used was ethanol-toluene constant boiling mixture, made from 
70 volumes of 95 per cent ethanol and 30 volumes of toluene. The mixture 
of ethanol and toluene was purified before use by distillation; the liquid boiling 
at a temperature of approximately 75° C was retained. The rubber was ex- 
tracted for 96 hours with this ethanol-toluene azeotrope, followed by a 24-hour 
extraction with 95 per cent ethanol to remove absorbed solvent from the 
rubber. The ethanol was changed four times during the 24-hour period. The 
extracted rubber was then allowed to stand 48 hours under ordinary room 
conditions before the abrasion resistance test was carried out. 

In a few of the earlier tests, i.e., for the recapping compounds, the extrac- 
tion with azeotrope was followed by a 6-hour extraction with acetone, followed 
by vacuum drying at room temperature. When the change was later made 


* Reprinted from Analytical Chemistry, Vol. 20, No. 9, pages 837-847, September 1948. This paper 


was presented before the Division of Rubber Chemistry at the 112th Meeting of the American Chemical 
Society, New York, September 17-19, 1947. 
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from acetone and vacuum drying to ethanol and drying under ordinary room 
conditions, it was mostly a matter of convenience and did not affect any of the 
conclusions drawn from the results. 

The effect of the time of standing after ethanol extraction, before the 
abrasion resistance test, was investigated, and is dealt with below. 

Test-specimens of various compounds were extracted together in the one 
Soxhlet apparatus whenever it was more convenient to carry out the extraction 
in this manner and a separate extraction of each specimen was not considered 
necessary. 

The extraction of rubber vulcanized in the laboratory was, with a few 
insignificant exceptions, carried out on rubber strips approximately 3.75 X 8.75 
Xx 0.6 em. (1.5 X 3.5 X 0.25 inch). After the extraction and period of stand- 
ing the strips were cut to the proper size, cemented to a rubber backing, and 
tested in the abrasion machine. Half-way through the extraction with azeo- 
trope the rubber strips were turned end for end in the Soxhlet to ensure uniform 
extraction throughout the rubber. The size of samples taken from actual tires 
was, of course, variable and depended on the contour of the tread, but in every 
case the sample after extraction was large enough to permit the preparation 
of a test-piece of the specified A.S.T.M. standard dimensions. 

Method of abrasion.—Both the du Pont and Bureau of Standards machines 
were used in this investigation, and the method outlined in A.S.T.M. Designa- 
tion D394—40 was followed. 

In the Bureau of Standards machine, the abrasive used was Garnet E/CL. 
This abrasive is wrapped around a drum revolving on a horizontal axis, and 
the rubber test block being abraded rests on the drum under a fixed weight. 

In the du Pont machine, two rubber test-blocks made from the same sample 
are held against a disk of abrasive revolving in a vertical plane. The abrasive 
used was much finer, and was that known as 2/0-100, E2883. By means of a 
Prony brake system this machine can measure not only the volume loss but 
also the volume loss per unit of work expended. 

A.S.T.M. compound B, unextracted, prepared in the National Research 
Council Rubber Laboratory, was used as the standard of comparison for 
obtaining the abrasive index. This compound has the following composition: 


No. 1 smoked sheet rubber 100 
Zine oxide 20 
Channel carbon black (Micronex) 30 
Stearic acid 2 
Di-o-tolylguanidine 1.25 
Phenyl-8-naphthylamine 1 
Sulfur 3.5 


Cure, 60 minutes at 287° F 


This is the compound suggested by Sigler and Holt! in their description of 
work on the Bureau of Standards machine. 

This compound averaged, during the present investigation, around 200 ce. 
per horsepower hour, or 3.44 ce. per hour, unextracted, on the du Pont machine. 
The average of 3.44 ec. per hour was used throughout in calculating all the 
du Pont machine abrasive index results. The method of calculating the abra- 
sive index, specified in A.S.T.M. Designation D394—40, is based on the volume 
loss only, 7.e., the volume loss for the standard multiplied by 100, divided by 
the volume loss for the sample. 
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On the Bureau of Standards machine the figure used for the standard was 
that obtained during the individual test concerned, and the standard was run 
on the same piece of abrasive as the sample being tested. 

Changing of abrasive-——Except where otherwise indicated, a fresh piece of 
abrasive paper was used on the du Pont machine for the standard as well as 
for the sample, whereas on the Bureau of Standards machine both the standard 
and one sample were run on the one piece of paper. The standard in this 
latter case was run before and after the test-specimen, and the average of the 
two runs on the standard was used in calculating abrasive index. The ques- 
tion of the changing of the abrasive is discussed below. 

Averaging of results——The figures for abrasion resistance, unextracted, 
shown in Table I, were the average of two specimens cut from 900/16 tires 
recapped in the same manner and with the same tread compounds as the tires 
used in the road tests; the recapping cure in this case was 144 minutes at 
307° F. These two specimens were run together on the same piece of sand- 
paper, as is necessary when the du Pont machine is used. The figures for the 
abrasion resistance, extracted, were the average of four specimens, two of 
which were cut from the tires just mentioned and two of which were press 
curved 90 minutes at 292° F in the laboratory from the corresponding unvul- 
canized camelback compound. These four specimens would represent two runs 
on the du Pont machine. 

There was a fair correlation between the results of physical tests made on 
the two different cures, although there was no one laboratory cure that agreed 
perfectly, for all compounds used, with the 144-minute recapping cure. Lack 
of sample and help prevented further physical tests to correlate cures. The 
extracted samples taken from the tires, computed alone, also correlated very 
well with road tests, but, in view of the large error involved in abrasion re- 
sistance results, it was thought advisable to average as many test-specimens as 
were available to assess the value of the extraction method. When the greater 
number of samples was averaged, a slightly better correlation was obtained. 

For all other results obtained on the du Pont machine, three pairs of test- 
specimens, run on three different sheets of abrasive, were averaged for each 
abrasion loss figure in the tables shown herein. With the Bureau of Standards 
machine each figure shown represents the average of three test specimens, run 
as indicated, along with the standard, on three different sheets of abrasive. 

Cure-—Except where otherwise stated, the cure chosen for laboratory de- 
vised formulations was a moderate overcure to avoid the possibility that an 
undercure might increase the contamination effect on the sandpaper. 

To have used optimum cures would have gone beyond the capacity of staff 
and equipment for the large number of stocks tried. There would also be the 
difficulty of deciding the proper criterion, satisfactory to everyone, upon which 
to judge optimum cure in a study of abrasion resistance. 

On the whole, it was felt that the observed effects were so great as to over- 
shadow any minor variations that would result from choosing a particular 


degree of cure. 
COMMERCIAL RECAPPING COMPOUNDS 


Road test details.—The road test of the recapped tires was carried out by 
the Directorate of Mechanical Engineering of the Department of National 


Defence, Ottawa, Canada. 
The tires were 900/16 natural-rubber tires, all of the same tread design, 
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recapped with GR-S camelback, cured for 90, 144, and 198 minutes at 307° F, 
and the tread wear mileages shown in Table I are averages for these three cures. 
Road tests were carried out on two tires at each cure for each of eight different 
commercial camelback compounds, making a total of 48 tires tested on the 
road. The mileages given in the table are based on the mileage at which the 
tread wore smooth. In cases where the tire had to be removed because of 
other defects, the mileage necessary to wear the tread smooth was estimated. 
All the tires were run, as closely as they could be controlled, under the same 
conditions, on a specially chosen course consisting of 75 per cent hard surface 
road and 25 per cent average gravel road. 

The test vehicles were 15-cwt. trucks, and the tires were mounted on rear 
wheel positions only, and were changed from side to side and truck to truck to 
eliminate inequalities of position, drivers, and trucks. The load per tire was 
the maximum for the tire, 7.e., 3080 + 50 pounds. The tires were inflated to 


ABRASIVE INDEX, UNEXTRACTED-BASED ON CC. /HP.HR. 
ABRASIVE INDEX, EXTRACTED- BASED ON CC /HP HR, 
ABRASION RANKING, UNEXTRACTED 

Cs ABRASION RANKING, EXTRACTED 

ABRASION RANKING, BASED ON ROAD WEAR 
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COMPOUND NUMBER 


Fic. 1.—Commercial recapping compounds (du Pont abrader). 


45 pounds per square inch, giving 18 per cent deflection at the maximum tire 
load. The operating speed on the hard surface road was 35 miles per hour 
and the maximum 40 miles per hour. On the gravel road the operating speed 
was 30 miles per hour and the maximum 35 miles per hour. 

Laboratory vs. road tests —The results of the laboratory abrasion resistance 
tests, obtained on the du Pont machine, and the corresponding road mileage 
figures for the eight different recapping compounds are shown in Table I. 
Under “ranking”’, the best laboratory abrasion resistance and the highest road 
mileage are ranked first, the poorest laboratory abrasion resistance is ranked 
eighth, and the intermediate compounds are graded accordingly. 

Figure 1 shows these results in bar graph form. 

The perfect correlation between the abrasion loss of the extracted samples 
and the road mileages is probably due, to a certain extent, to coincidence, 
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because the error in abrasion test figures is known to be high, and perfect 
correlation should not be expected as a general rule. All that these results 
can show is that by extracting the sample before running the abrasion test 
one can convert the abrasion test, which formerly was useless in this connection, 
into a test that may enable one to predict with reasonable accuracy the wearing 
quality of a GR-S tire compound. 

Compound 6 illustrates very well the effect of extraction. Before extrac- 
tion this compound had a ridiculously low abrasion loss of 18 cc. per horsepower- 
hour, ranked second, and should rank seventh or eighth based on road per- 
formance. After extraction the abrasion loss was raised to 289 and the sample 
fell into its correct place with respect to road performance. 

The complete results of the road test have been reported separately by the 
Directorate of Mechanical Engineering, Department of National Defence, 
Ottawa, Canada. 


COMMERCIAL FOOTWEAR COMPOUNDS 


Tests similar to those deseribed for the recapping compounds were carried 
out on commercial footwear soling compounds at the request of the Canadian 
Rubber Footwear Conservation Sub-Committee (Table IT). 

No field tests concurrent with laboratory tests were carried out on these 
compounds, as was the case with the recapping compounds, but the samples 
were known by the companies submitting them to give satisfactory abrasion 
resistance in service. As a matter of fact, the laboratory abrasion resistance 
results, extracted, are good, and bear out the manufacturers’ claims in this 
respect. 

The difference between the results unextracted and extracted is not so great 
with these footwear compounds as with the recapping compounds, but is 
appreciable in some instances. In view of the finding with the recapping 
compounds, it seems reasonable to assume that, at least in those cases where 
the difference is fairly large—for example, with compounds A, C, D, I, N, 
and O—the result, extracted, more nearly approximates what would be ob- 
tained in service. 


LABORATORY FOOTWEAR TYPE COMPOUNDS 


Unaged samples—To investigate the fundamental causes of the serious 
lack of correlation between present standard abrasion resistance tests and 
service performance, compounds of various types were prepared in the labora- 
tory for study. 

The first series so prepared was of the footwear type and Table III shows 
the results obtained on the du Pont as well as on the Bureau of Standards 
abrader with this type of formulation. 

These compounds are GR-S only, or GR-S-reclaim, stocks of the type used 
in heels and soling. In all cases the extraction with ethanol-toluene azeotrope 
lowered the abrasive index. 

Compounds 5-2, 5-4, and 5-6 show a relatively large drop in abrasive index 
after extraction. 

In view of the good correlation of the results on extracted recapping com- 
pounds with road wear, it is likely that the results on these three extracted 
footwear compounds would also agree with actual wearing tests and that the 
results on the corresponding unextracted compounds are subject to a large error. 
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Extraction does not rank all the compounds in Table III in exactly the 
same manner with both machines. This is undoubtedly due to the fact that 
a number of the compounds have nearly the same abrasion resistance. When 
there is a difference in abrasion resistance definitely beyond experimental error, 
the two machines give the same ranking, particularly after extraction—for 
example, compounds 5-1, 5-5, and 5-3 are ranked respectively first, second, 
and third in abrasion resistance throughout the table. The other compounds 
are too close together in abrasion resistance and therefore are not ranked so 


uniformly. 
TABLE III 


LABORATORY FOOTWEAR COMPOUNDS 


Compound no. 5-1 5-2 5-3 5-4 5-5 5-6 5-7 
GR-S 100 67 50 50 72 100 100 
Black Diamond reclaim mse 60° 91 91 50 ae aka 
Wyex 40 40 30 30 30 Sih 0.5 
Thermax 90 aes 55 a8 60 nee ae 
Pelletex nes eae er hee Ae: 5 oo 
Dixie clay mee 60 60 dai 130 40 
Calcene-T ae bats ee ey Rs 2 160 
Mineral rubber 10 10 ee Pens 10 itis 10 
Stearic acid 1 1 1 1 1 + — er 
Paraffin ae ee ua ee we 1 1 
Circo light process oil 5 5 10 10 5 ; 
Burnt sienna hs re oe a joes, : 5 
Litharge 0.25 Ub ae i 
Zine oxide 5 5 5 5 5 5 5 
Agerite powder 1 1 2 2 2 2 2 
Thionex 0.5 0.5 0.35 0.35 0.5 : ; 
Cumate ae : a ven =a 0.75 0.75 
Sulfur 2.5 2.5 2.75 2.75 2.5 2.5 2.5 
Press cure at 316° F (min.) 10 10 10 10 10 15 15 
du Pont abrader 
Abrasive index (A.S.T.M. 
standard B) 
Original 75.7 38.0 44.0 36.3 53.2 37.4 24.6 
Extracted 72.4 19.5 32.4 17.0 38.5 18.0 18.7 
Aged 24 hr. at 100° C 89.9 35.5 50.9 35.0 58.9 32.5 
Bureau of Standards abrader 
Abrasive index (A.8.T.M. 
standard B) 
Original 61.4 26.7 35.8 26.3 41.3 25.0 14.6 
Extracted 38.5 12.9 21.9 11.8 27.0 14.1 10.1 
Aged 24 hr. at 100° C 60.4 23.7 36.0 24.3 42.4 32.9 i bad. 


Aged samples.—Because the accelerated aging test carries on the cure to a 
certain extent, this treatment of the sample before abrasion might be expected 
to overcome the effect of undercure. If undercure were the cause of the con- 
tamination of the abrasive, a preliminary aging treatment of the sample might 
be expected to overcome the difficulty. 

The results shown in Table III, however, as well as other results not re- 
ported herein, show the aging treatment to be ineffective or at best only slightly 
beneficial in preventing the contamination referred to. The results in Table 
III show that, although some compounds, such as 5~2, 5-4, and 5-6, have their 
abrasion loss considerably increased by extraction, aging does not produce a 
commensurate increase, so, in general, one would not expect the corrective 
effect produced by extraction to be duplicated by aging. 
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LABORATORY TREAD TYPE COMPOUNDS 


( 
Effect of variation of softener content.—Tables IV and V and Figure 2 show com 
the results obtained on carbon black compounds in which the quantity of part 
softener has been varied. pou 
TABLE IV 0, 5 
LABORATORY TREAD Type ComMPpouNDsS high 
[Effect of variation of softener content (B.R.T. No. 7)] the 
Compound no. 5-8 5-9 5-10 5-11 how 
GR-S 100 IC 100 100 con 
Wyex _ 50 50 50 50 soft 
Zine oxide 5 5 5 5 
B.R.T. No. 7 Moisi 2.5 5 10 
Captax 1.5 1.5 1.5 15 
Sulfur 2 3 2 2 
Press cure at 292° F (min.) 90 90 90 90 
Specific gravity 
Original 1.16 1.16 1.16 1.17 
Extracted 1.14 1.15 14 1.15 
Hardness (Type A, Shore) 
Original 67 69 65 67 
Extracted 57 58 56 54 
du Pont abrader 
Abrasive index (A.8.T.M. standard B) 
Original 2450 2930 2160 970 
Extracted 175 157 140 133 x 
Bureau of Standards abrader : 
Abrasive index (A.S.T.M. standard B) _ 
Original 516 211 194 156 u 
Extracted 128 110 103 84 2 
Vv 
4 
TABLE V c 
LABORATORY TREAD Type ComMPpouNDS . 
[Effect of variation of softener content (process oil)] 
Compound no. 5-8 5-49 5-50 5-51 
GR-S 100 100 100 100 
Wyex 50 50 50 50 
Zine oxide 5 5 5 5 
Circo light process oil vase 5 10 20 
Captax 1.5 1.5 1.5 1.5 
Sulfur > 2 2 2 th 
Press cure at 292° F (min.) 90 90 90 90 a 
Specific gravity m 
Original 1.16 1.15 1.15 1.13 Bi 
Extracted 1.14 1.14 1.14 ps 
du Pont abrader a] 
Abrasive index (A.S.T.M. standard B) 
Original 2450 1760 1590 895 ta 
Extracted 175 126 123 105 al 
Bureau of Standards abrader de 
Abrasive index (A.S.T.M. standard B) 
Original 516 318 326 330 " 
Extracted 128 104 94.8 89.6 W 











show 
ity of 


f 


i 


er NN eee ee 
* = 


13 
.14 








LABORATORY ABRASION AND PERFORMANCE 847 


Compounds 5-8, 5-9, 5-10, and 5-11 are based on a simple tread type of 
compound in which the content of B.R.T. No. 7 has been varied from 0 to 10 
parts per 100 parts by weight of GR-S. Table V shows carbon black com- 
pounds Nos. 5-8 (repeated), 5-49, 5-50, and 5-51, containing, respectively, 
0, 5, 10, and 20 parts of Circo light process oil. 

The abrasive index, unextracted, of all these compounds is ridiculously 
high, ranging from about 2000 to about 150, the effect being more marked on 
the du Pont than on the Bureau of Standards machine. After extraction, 
however, the results become reasonable and are graded according to softener 
content, regardless of the nature of the softener; the compound with the highest 
softener content has the poorest abrasion resistance. 
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Fia. 2.—Effect of variation of softener. 


With the unextracted B.R.T. No. 7 compounds on the du Pont abrader, 
the relationship of abrasive index to softener content is not regular. As this 
softener is increased from 0 to 10 parts, the abrasive index passes through a 
maximum at 2.5 parts. With the unextracted oil softener compounds on the 
Bureau of Standards machine there is an irregularity in that the abrasive index 
passes through a minimum at 5 parts of oil. However, such anomalies dis- 
appear on extraction. 

When not given the preliminary extraction, all these compounds formed a 
tarry deposit on the abrasive. This deposit was more marked with the du Pont 
abrasive than with the coarser Bureau of Standards abrasive, but showed up 
definitely on both machines. 

It is obvious that the conditions that exist during the laboratory abrasion 
resistance test of the average unextracted GR-S tread compound do not exist 
when the tire is on the road. The road does not get smeared with a viscous 
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deposit as the sandpaper does, so the road produces the effect of a continuously 
dry abrasive. If extractable material leaves the rubber and coats the sand- 
paper during the laboratory test, such material may also leave the rubber in q 
tire and be deposited on the road. In the laboratory test the material ey. 
tracted from the rubber, as it is of a semiliquid consistency, must contain 
mostly low molecular weight material of a soluble nature and relatively little 
solid vulcanized rubber compound, and so one of the effects of laboratory 
abrasion is more or less to remove this soluble material from the rubber. 
When the tire is on the road, too, it is not unreasonable to expect the removal 
of soluble material as in the laboratory test, before appreciable abrasion occurs, 
This extraction on the road should be accompanied by changes in specific 
gravity, hardness, and other physical properties, such as are shown later to be 
accompanied by the extraction of the sample with ethanol-toluene azeotrope. 
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Fig. 3.—Effect of quantity of black. 


In other words, the surprisingly good correlation found between road tests and 
the abrasion tests of extracted samples may well be due to the possibility that 
the surface of the tire in contact with the road is extracted rubber. Obviously, 
any extractable material that migrates to the surface of the rubber is merely 
wiped off by the road and thus is extracted from the rubber, as such material 
is entirely too soft to help the rubber in resisting abrasion. The fact that 
extracted rubber correlates better than unextracted rubber with the effect of 
road wear may well be due to a closer resemblance, in composition and prop- 
erties, of the rubber in contact with the road surface, to extracted rubber than 
to unextracted rubber. It is felt that there is some justification for this 
conclusion in the practical results obtained. 





T 


even 
cone 
of tl 
vule 
by t 

I 


resu 
5-28 
tivel 
inde 
affec 
cont 





ously 
sand- 
ar ina 
al ex- 
ntain 
- little 
‘atory 
ibber, 
noval 
ccurs, 
ecific 
to be 
rope, 


and 
hat 
ly, 
ely 
rial 
hat 

of 
)p- 
an 
his 





LABORATORY ABRASION AND PERFORMANCE 849 


The fact that the abrasion resistance is graded according to softener content 
even after extraction, when the softener is not present, lends support to this 
conclusion. The effect of softener is simply that of a dilution or a weakening 
of the rubber compound. This effect becomes inherent in the rubber on 
vulcanization, and would remain even after subsequent removal of the softener 
by the road surface. 

Effect of variation of carbon black content.—Table VI and Figure 3 shows the 
results obtained on a series of compounds, without softener, 7.e., 5-8, 5-24, 
5-23, and 5-22—containing 50, 40, 30, and 20 parts of carbon black, respec- 
tively. With the du Pont machine, there is a gradual decrease in abrasive 
index as the carbon black content is reduced. Although the ranking was un- 
affected by extraction it is apparent that, even though the compounds did not 
contain softener, the figures for the unextracted compounds 5-8, 5-24, and 


TaBLe VI 


LABORATORY TREAD TyPE COMPOUNDS 
(Effect of variation of carbon black content) 


Compound no. 5-8 5-24 5-23 5-22 

GR-S 100 100 100 100 
Wyex 50 40 30 20 
Zinc oxide 5 5 5 5 
Captax 1.5 1.5 1.5 1.5 
Sulfur 2 2 2 2 
Press cure at 292° F (min.) 90 90 90 90 
Specific gravity 

Original 1.16 1.13 1.10 1.07 

Extracted 1.14 1.13 1.13 1.07 


du Pont abrader 
Abrasive index (A.S.T.M. standard B) 
Original 2450 1760 348 96 
Extracted 175 100 85 83 


Bureau of Standards abrader 
Abrasive index (A.8.T.M. standard B) 
Original 516 1680 1340 167 
Extracted 128 93.7 69.4 69.3 


5-23 are ridiculously high, and become reasonable only after extraction. Com- 
pound 5-22 is not changed considerably by extraction, but is lowered in 
abrasive index just enough to cause it to be ranked correctly after extraction. 
Compounds 5-23 and 5-22 are, nevertheless, close in abrasive index, extracted 
(85 and 83, respectively), so that this ranking in the expected order may, to a 
certain extent, be fortuitous, inasmuch as the experimental error may be greater 
than the difference obtained. 

On the Bureau of Standards machine, the abrasive index figures on the 
unextracted compounds are obviously too high, and are not ranked in order of 
carbon black content. After extraction, however, these compounds are ranked 
according to carbon black content, and the results become reasonable. On 
this machine, also, the results given by compounds 5-23 and 5-22 are close 
(69.4 and 69.3, respectively) and, as with the figures obtained on the du Pont 
machine, the fact that the ranking is as expected may be somewhat fortuitous. 











850 RUBBER CHEMISTRY AND TECHNOLOGY 


NONBLACK COMPOUNDS 


In Table VII are shown the results obtained with compounds containing 
Cumar MH-2%, Calcene-T, and Silene-EF. 

There is a drop in abrasive index for all four compounds after extraction, 
Before extraction both machines give these four compounds the same ranking. 
They have the same ranking after abrasion, with the exception that compound 
5-12 has an abrasive index greater by 0.1 than compound 5-13 on the du Pont 
machine, whereas the Bureau of Standards machine shows 5-12 to be very 
slightly inferior to 5-13. Here, of course, the two compounds are so close 
together in abrasion resistance that a small experimental error could reverse 
the ranking. 

There was no visible coating of the abrasive by the four compounds shown 
in Table VII. The coating may, of course, be present and not be readily 


TaBLeE VII 
NONBLACK CoMPOUNDS 
Compound no. 5-12 5-13 5-14 I-15 
GR-S 100 100 100 100 
Calcene-T 202 202 er ne. 
Silene-EF os ad 64.5 64.5 
Zine oxide 5 5 5 5 
Agerite powder 2 2 2 2 
Paraffin 1 1 1 1 
Cumar MH-21%% : 15 5 ae 15 
Cumate 0.75 0.75 0.75 0.75 
Sulfur 2.5 2.5 2.5 2.5 
Press cure at 316° F (min.), 15 15 15 15 
Specific gravity 
Original 1.65 1.62 1.25 1.24 
Extracted 1.66 1.67 1.25 1,24 
Hardness (Type A, Shore) 
Original 63 53 65 52 
Extracted 72 69 65 60 
du Pont abrader 
Abrasive index (A.S.T.M. standard B) 
Original 20.9 22.7 52.7 55.4 
Extracted 17.5 17.4 49.8 50.9 
Bureau of Standards abrader 
Abrasive index (A.8S.T.M. standard B) 
Original 11.4 13.0 32.2 34.9 
Extracted 8.2 8.8 28.2 29.8 
Motes at 300% (pounds per square 
inch) 
Original 540 320 945 585 
Extracted Weted 420 985 635 
Tensile strength (pounds per square 
inch) 
Original 635 1020 1055 1550 
Extracted 575 560° 1200 970 


Elongation at break (%) 


Original 340 575 335 590 
Extracted 285 410 355 405 
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observable on account of the fact that the compounds are white. The drop 
in abrasion resistance of all four compounds on extraction is evidence that the 
erroneous abrasion resistance results herein described are not necessarily accom- 
panied by visible contamination of the abrasive. 


CAUSE OF CONTAMINATION OF ABRASIVE 


Effect of compounding ingredients.—In the tables so far discussed, no par- 
ticular compounding ingredient appears to stand out as the main cause of the 
contamination of abrasive. 

GR-S carbon black compounds (Tables IV and V), without softener as well 
as with softener, produce the contamination, so that the particular softeners 
investigated may be eliminated at least as a main cause. As a matter of fact, 
one observes an over-all tendency for the abrasive index of unextracted speci- 
mens to decrease with increase of softener content, so that softener in many 
cases exerts a preventive effect. 


TaBLe VIII 
Resutts with Raw GR-S Types 


Compound no. 5-25 5-26 5-27 5-28 5-29 
GR-S, Sarnia 100 savas 
GR-S, Firestone bohades 100 Sebel 
GR-S, Naugatuck scacake Sees 100 <faeeny 
GR-S, O.R.D. ; eh Beer Scie 100 sath 
GR-S, § 2503, Sarnia starch oe eSaid Shise 100 
Wyex 50 50 50 50 50 
Zinc oxide 5 5 5 5 5 
Captax 1.5 1.5 1.5 1.5 1.5 
Sulfur 2 2 2 2 2 
Press cure at 292° F (min.) 90 90 90 90 90 
Specific gravity 1.15 1.16 Lis 1.15 1.15 
Hardness (Type A, Shore) 61 57 59 61 62 


du Pont abrader 
Abrasive index (A.S.T.M. 
standard B) 
Unextracted 1765 783 2310 1235 2245 


When the carbon black is progressively reduced (Table VI), a decrease in 
abrasive index, far greater than one would expect as a result of the loss of 
reinforcement, indicates that carbon black may contribute to the contamina- 
tion. The nonblack compounds (Table VII), however, also show the effect, 
as evidenced by the decrease in abrasive index on extraction, and this leads to 
the conclusion that, even though carbon black may be a contributory factor, 
it is not the only cause and is probably not the basic cause of the contamination. 

What has been said about softener and carbon black can probably also be 
said about the other softeners and fillers used in the series of compounds so far 
described. In other words, these ingredients may or may not contribute to 
the contamination but if they do, they cannot be the basic cause, inasmuch as 
the effect can be produced without them or, as will be shown later, a compound 
can be found containing them that does not contaminate the abrasive. 

Results with raw GR-S types.—In view of the failure to find a compounding 
ingedient on which to lay the blame for the contamination, other possibilities 
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were investigated, such as that the contamination might be due to a particulg; 
lot or particular type of GR-S. 

In Table VIII it will be seen that the coating of the abrasive is produced 
by GR-S rubber as a class and not by any particular type or lot. Five differen; 
types of GR-S are shown to produce varying degrees of contamination of the 
abrasive. The lowest abrasive index obtained, unextracted, of 783, is stil| 
very high. 

Extraction before compounding.—In Table IX it will be seen that extraction 
of either the GR-S or the carbon black before mixing lowers the contamination 
effect considerably, but still leaves an extremely high abrasive index. 


TaBLeE IX 
EFFECT OF EXTRACTION OF GR-S anp CARBON BLACK BEFORE COMPOUNDING 
Compound no. 5-8 5-31 5-32 5-33 5-34 
GR-S 100 100 ~~ ae er 
GR-S, extracted hes ag 100 100 100 
Wyex 50 aah 50 er oma 
Wyex, extracted oo 50 ee 50 50 
Zine oxide 5 5 5 5 5 
Captax 1.5 1.5 1.5 1.5 1.5 
Sulfur 2 2 2 2 2 
Stearic acid Rite eter Teens ae 2 
Press cure at 292° F (min.) 90 90 90 90 90 
Specific gravity 
Original 1.16 1.16 1.17 1.15 1.15 
Extracted 1.14 1.15 1.14 1.14 1.14 
Hardness (Type A, Shore) 
Original 67 59 56 52 53 
Extracted 57 53 46 46 48 
du Pont abrader 
Abrasive index (A.S.T.M. 
standard B) 
Original 2450 1460 864 746 950 
Extracted 175 106 94 9] 133 


Extraction of the GR-S before mixing (compound 5-32) improves the result 
somewhat more than extraction of the carbon black (compound 5-31), the 
lowest abrasive index being given by the extraction of both GR-S and carbon 
black (compound 5-33). Addition of 2 parts of stearic acid to the compound 
containing extracted GR-S and extracted carbon black (compound 5-34) in- 
creases the contamination effect slightly. This would indicate that stearic 
acid may be a softener that contributes to the contamination effect, especially 
as the raw GR-S contains stearic acid and the extraction of this material from 
the GR-S reduces the contamination. The lowest abrasive index obtained of 
746 is still very high. As shown in the table, reasonable results are not ob- 
tained with any of these compounds until after the extraction of the vulcanized 
rubber. 

Because the preéxtracted materials also produce the contamination, these 
results show that neither the raw GR-S nor the carbon black contains soluble 
material that can be accused of being mainly responsible for the contamination. 

The rubber was extracted in an Erlenmeyer flask in sheets 0.3 em. (0.125 
inch) thick with filter paper between the sheets. Freshly distilled ethanol- 
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toluene azeotrope was passed into the flask by continuous flow, so that the 
rubber was constantly in contact with pure solvent at about 40° C for a period 
of 4days. About 9 per cent of extract was removed from the raw GR-S in this 
manner, so that the extraction should be considered practically complete. 

After a small amount of antioxidant was added by permitting the rubber 
to absorb it from a 1 per cent solution of the antioxidant in the azeotrope, the 
rubber was dried in a vacuum for 2 hours at 65° C. Immediately after vacuum 
drying, 1 per cent of antioxidant was added to the rubber on the mixing mill. 

The rubber just before the final compounding operation still retained tena- 
ciously about 10 per cent of residual solvent, but probably lost a considerable 
amount of this solvent during compounding and vulcanization. The retention 
of solvent by the rubber in this case should not detract from the value of the 
conclusions derived from the experiment, because rubber extracted after vul- 
canization also retains solvent but nevertheless gives results of greatly improved 
accuracy, and the solvent itself obviously does not contribute to the contami- 
nation of abrasive. 


TABLE X 


Errecr oF TEMPERATURE OF CURE WITH STRAIGHT CAPTAX 
ACCELERATION Compounp 5-8 


Press cure 

Time (min.) 326 171 90 4714 

Temperature (° F) 256 274 292 310 
Modulus at 300% (pounds per square inch) 1590 1770 1945 1940 
-Tensile strength (pounds per square inch) 2875 2655 2620 2515 
Elongation at break (%) 485 415 385 370 
Hardness (Type A, Shore) 

Original 59 60 58 61 
_ Extracted 53 53 55 55 


du Pont abrader 
Abrasive index (A.8S.T.M. standard B) 
Original 1880 2230 2250 1860 
Extracted 164 165 158 168 


The carbon black was treated in the same extraction apparatus, but after 
drying in vacuo had to be ground and passed through a 100-mesh sieve before 
it could be compounded. The black contained residual solvent after extraction. 

Effect of temperature of vulcanization.—It is not possible to observe the 
behavior of vulcanizing agents indirectly by omitting them from the com- 
pound, as was done with some of the other compounding ingredients, but it 
was thought that a study of the effect of rate and temperature of cure might 
yield information of some value. 

In a study of the effect of temperature of cure, compound 5-8 was vulcan- 
ized at 256°, 274°, 292°, and 310° F. The 90-minute cure at 292° F was taken 
as the standard, and the equivalent curing times at the other temperatures 
were calculated from published tables of the variation of cure with temperature 
for GR-S. Tensile tests were conducted for each cure, following A.S.T.M. 
procedure. The results of these tests are shown in Table X. 

It will be seen that the modulus at 300 per cent for the cures at 256° and 
274° F is lower than for the cures at the higher temperatures. The tensile 
strength and elongation at break decrease as the euring temperature increases. 
In spite of these differences, the unextracted abrasive index for all these cures 
is very high, and after extraction is greatly reduced and becomes practically 
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identical for all curing temperatures. Therefore, the temperature at which 
vulcanization takes place does not account for the extremely high abrasive index 
obtained for a GR-S tread-type compound with straight Captax acceleration, 

Long overcures were also tried with this type of acceleration without affect. 
ing the result appreciably. 

Natural rubber compounds.—As shown in Table XI, two natural rubber 
compounds, 5-38 and 5-39, were studied, the first a tread compound with 
straight Captax acceleration, and the second this same compound to which the 
ethanol-toluene extract of GR-S compound 5-8 was added. 

A number of sheets of GR-S compound 5-8, 0.23 em. (3/32 inch) thick, 
press-cured 90 minutes at 292° F, were cut into strips approximately 0.3 em, 
(0.125) inch) wide. These strips were placed in an Erlenmeyer flask and 
extracted by passing a stream of freshly distilled ethanol-toluene azeotrope into 
the flask by continuous flow, so that the rubber was constantly in contact with 
pure azeotrope at about 40°C for a period of four days. The solution of 


TABLE XI 
NaTURAL RvusBBER CoMPOUNDS 


Compound no. 5-38 


5-39 
Smoked sheet rubber 100 91.1 
E.T.A. extract of GR-S compound 5-8 8.9 
Stearic acid 3 3 
Neozone-D 1.5 1.5 
Zine oxide 3 3 
Wyex 5 50 
Sulfur 3 3 
Captax 1 l 
Press cure at 292° F (min.) 45 25 
Hardness (Type A, Shore) 
Original 59 72 
Extracted 57 62 
du Pont abrader 
Abrasive index (A.S8.T.M. standard B) 
Original 644 169 
Extracted 60.3 70.2 


extract was then vacuum distilled to remove the azeotrope and the residue was 
dried in a vacuum oven. A master batch was made by adding the total 
extract to 100 grams of smoked sheet on the rubber mill and the amount of 
extract was determined by weighing the resulting master batch. In preparing 
compound 5-39, some of the smoked sheet was replaced by this master batch, 
so that the proportion of extract in the final compound was equivalent to the 
proportion found in compound 5-8. Compound 5-38 had the same formula 
as compound 5-39, except that it contained 100 parts of smoked sheet and 
no extract. 

The abrasive index of 644 for compound 5-38, containing no extract, is 
extremely high, indicating that natural rubber also contaminates the abrasive 
asdoesGR-S. After extraction the result reaches a reasonable level around 60. 

The addition of the GR-S extrac% to the natural-rubber compound caused 
a considerable decrease in the abrasive index, unextracted, as compared with 
compound 5-38. The figure for compound 5-39, containing the extract, how- 





ever, 


reast 

I 
into 
sive 
case 
only 
This 
pow 
cure 
cone 
deg! 
in t 
effe 


ine 
for 
the 
of { 
not 
tha 


dl 








Which 
index 
ation, 
iffect. 


ubber 
With 
h the 


shiek, 
> em, 

and 
into 
With 
n of 


tal 
of 
ng 


he 
la 


id 





LABORATORY ABRASION AND PERFORMANCE 855 


ever, is still erroneously high, at 169, and after extraction reaches a more 
reasonable level, around 70, close to compound 5-38. 

It might have been expected that the incorporation of the GR-S extract 
into the natural-rubber compound would increase the contamination of abra- 
sive and raise the abrasive index, unextracted. Such, however, was not the 
case. The explanation would appear to be that the GR-S extract contains not 
only contaminants but also accelerator or accelerator decomposition products. 
This extra acceleration made it advisable to use a 25-minute cure for com- 
pound 5-39 as against 45 minutes for compound 5-38, and even at the shorter 
cure the hardness of compound 5-39 was 13 points higher. One is led to the 
conclusion that the nature of the acceleration has a profound effect on the 
degree of contamination and that this may supersede the effect of other changes 
in the compound. In this experiment the increased acceleration nullified the 
effect of extra contaminant added to the compound. 

This abrasive index result of about 60 for extracted natural rubber is low 
in comparison with GR-S, which usually gives an abrasive index well above 100 
for the same type of formulation. This may mean one of two things. Either 
the abrasive resistance of natural rubber tires is considerably poorer than that 
of the synthetic rubber product, or the laboratory abrasion resistance test is 
not suitable for comparing natural with synthetic rubber. The authors believe 
that the latter is the more likely of the two alternatives. 


TABLE XII 


ErrEcT OF ACCELERATION 
Compound no. 5-30 5-35 5-37 5-40 5-41 5-42 5-43 

GR-S 100 100 100 100 100 100 100 
Wyex 50 50 50 50 50 50 50 
Zine oxide 5 now 5 5 a 5 5 
Sulfur 2 3 2 2 2 y 
Captax 0.83... is sito ze eee 1 
Litharge She 10 ove tha 
Hexachloroethane dats 10 as 
DPG 0.42 By ae 
Beutene baa 1 is 
Butyl zimate 1.25 i 
Zine isopropylxanthate 0.75 - dn 
Altax ae 1.5 1.5 
Selenac Sai ate ae 0.15 ate 
Tuads ae aor Sits a 0.15 a 
Thionex ne ne Hay ae Rate 0.3 
Accelerator No. 8 too a ae nei ore 0.75 ee 
DOTG Rist ane ae asd ee ae: 0.25 
Press cure 

Time (min.) 90 90 25 35 35 25 25 

Temperature (° F) 292 307 =. 230 282 292 292 292 
Hardness (Type A, Shore) 

Original 64 47 69 62 59 64 60 

Extracted 63 eae 64 53 51 53 49 


du Pont abrader 
Abrasive index (A.S.T.M. 
standard B) 
Original 257 366 195 231 792 239 652 
extracted 183 ye? 192 130 126 135 115 
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Effect of acceleration Table XII shows the results obtained with a number 
of accelerator combinations in a tread stock base formula. 

The profound effect of the nature of the acceleration is at once evident, 
The abrasive index, unextracted, varies from 792 for an Altax-Tuads combina. 
tion to 195 for a Beutene—Butyl Zimate-zine isopropylxanthate combination. 
A hexachloroethane-litharge combination also shows a low abrasive index, 
unextracted of 366; but, unfortunately, the rubber becomes too soft and sticky 
to get a satisfactory result after extraction. At any rate, the abrasion re- 
sistance figure given by this combination, of 366, is still ridiculously high. 
There must have been some contamination of abrasive in this case, and as it 
was produced in the absence of antioxidant and the usual vulcanizing ingredi- 
ents, such as sulfur and accelerator, these materials cannot be accused of being 
the basic contaminants. 

In this particular series of tests the various accelerator combinations may 
be ranked as in Table XIII with respect to their efficiency in reducing con- 
tamination, the most efficient being placed first. 

The order in which these accelerator combinations stand might, of course, 
vary with the quantity of accelerator and sulfur and time of cure. The con- 
clusions to be derived from these results, however, would not thereby be 
affected. 


TaBLE XIII 
TESTS WITH ACCELERATOR COMBINATIONS 


Abrasive index 
—— - 





Unex- Ex- Contami- 
Accelerator combination tracted tracted nation* 
Beutene-Butyl Zimate-zine isopropyl- 

xanthate 195 192 3 
Captax-DPG 257 183 74 
Altax-Selenac 231 130 101 
Thionex-Accelerator No. 8 239 135 104 
Captax-DOTG 652 115 537 
Altax-Tuads 792 126 666 
Captax 2450 175 2275 


* Difference between unextracted and extracted. 


After extraction the results are all reduced to a normal level. That the 
Beutene-Butyl Zimate-zine isopropylxanthate combination, however, is not 
sensibly changed in abrasive index by extraction, indicates that with this 
accelerator combination there was no contamination of abrasive. This com- 
bination was the most powerful acceleration of all, the cure being only 25 
minutes at 230° F. 

Inasmuch as contamination of abrasive has been observed in the absence 
of each and every one of the compounding ingredients used in the compounds 
studied herein, it may be concluded that no compound ingredient, including 
even the vulcanizing agents, can be accused of being itself the major contami- 
nant. Moreover all the ingredients in the Beutene-Butyl Zimate—zinc iso- 
propylxanthate compound just mentioned can be ruled out as possible direct 
contaminants, since this compound did not contaminate the abrasive. This 
result also indicates that extraction does not necessarily weaken the resistance 
of the rubber to abrasion, because it shows that when there is no contamination 
there is no drop in abrasive index as a result of extraction. The drop in 


neiuaiimennel 





abra 
ently 
rubb 

I 


it is 
cont 
vule 
mole 
by 
the 

cont 
mol 
abr: 
fric' 
dep 


an 
sid 
an 
wit 


wo 
onl 
col 
the 
for 
col 
lul 
for 
do 
Co) 


Lumber 


vident, 
m bina- 
nation, 
index, 
Sticky 
On re. 
high. 
d as it 
igredi- 
being 


$s may 
r con- 


purse, 
> COn- 
rv be 


tami- 
tion* 


01 
04 
37 
66 
7 


the 
not 
this 
om- 

25 
nee 
nds 
ing 
mi- 
so- 
ect 
his 
1ce 
on 
in 











LABORATORY ABRASION AND PERFORMANCE 857 


abrasive index with extraction that is generally observed, therefore, is appar- 
ently due solely to removal of contamination and not to a weakening of the 
rubber in this respect by the extraction process. 

In view, therefore, of the profound effect of the nature of the acceleration, 
it is felt that there is justification for the belief that the viscous material that 
contaminates the abrasive is rubber of low molecular weight developed during 
vulcanization. When a very powerful accelerator combination is used, no 
molecules of low molecular weight are produced, or, if they are, they are joined 
by cross-linkages during vuleanization and rendered solid and insoluble, and 
the contaminant is thereby eliminated. 

Each compounding ingredient, of course, may exert some influence on the 
contamination by affecting the vulcanization reaction, by adsorbing the low 
molecular weight rubber which is the basic cause, by being transferred to the 
abrasive along with the low molecular weight rubber, or by changing the 
friction and heat produced during abrasion, thus possibly influencing any 
depolymerization that may take place at the abrading surface. 


USE OF A CONTINUOUS STRIP OF ABRASIVE 


As an alternative to the preliminary extraction of test-specimens, the use of 
a machine employing a continuously changing abrasive surface might be con- 
sidered. It would be interesting to know how the results obtained with such 
a machine as that described by Gavan, Eby, and Schrader? would compare 
with those obtained with extracted rubber or with road tests. 

It is not certain, however, that the use of a continuous strip of abrasive 
would eliminate entirely the effect of contamination, as it is believed that the 
only sure way to do this would be to clean the rubber, whereas the use of the 
continuous strip would have the effect of cleaning only the abrasive. As 
the rubber surface is abraded by the continuous strip, contamination could 
form on the rubber surface first meeting the abrasive. This contamination 
could be carried by the sandpaper over the surface of the rubber and act as a 
lubricant before the sandpaper could carry it off. Contaminant continuously 
forming could produce an error in the result, although this error would un- 
doubtedly not be so great as in a machine where the same abrasive surface 
comes repeatedly against the sample during the test. 

In the absence of comparative data with the continuous strip machine an 
alternative view may be justified. This view would be that the inability of 
such a machine to eliminate all the effect of contamination might not be un- 
desirable, because it may develop that the action of the continuous strip 
machine is a closer approximation to that of the roadway in removing extract- 
able material than is the case when pre-extracted stocks are run on the con- 
ventional machines. 


CHANGES PRODUCED BY EXTRACTION 


Certain observations were made, while the present investigation was being 
carried out, on the changes produced in the rubber by extraction. 

Extraction itself produces a decrease in hardness. There is also usually 
an increase (occasionally a decrease) in volume and weight as a result of extrat- 
tion. Then, on standing, the weight and volume continually decrease and the 
hardness increases. The abrasive index, which decreases markedly on extrac- 
tion, very slowly rises on standing after extraction. Figure 4 shows the effect 
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of standing after extraction for compound 5-8 on volume, hardness, and abr. 
sive index. These trends were observed with about eight GR-S compounds 
and so the results obtained might be assumed to be fairly general. 

The changes in hardness, volume, and weight on extraction are undoubt. 
edly the combined result of the absorption of solvent and the loss of soluble 
extract. Solvent then evaporates from the rubber on standing, and the result 
is a weight and volume loss and an increase in hardness. On standing, the 
hardness may increase to the original figure for the unextracted compound and 
may even become greater than this original figure, all depending on the nature 
and quantity of material removed during extraction. 
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lic. 4.—Effect of standing time after extraction. 


Bureau of Standards Abrader. 
Compound 5-8 


GR-S 100 Unextracted 503 

Wyex 50 ————Abrasive index 

Zinc oxide 5 ~ -—-Hardness (Type A, Shore) 
Captax is —-+—-+Volume change (%) 
Sulfur > 

Press cure, 90 minutes at 292° F 


After about 80 days of standing under ordinary room conditions, after 
extraction, the weight of the rubber samples becomes practically constant; this 
indicates that practically all absorbed solvent has left the rubber. Now, the 
difference between the weight at 80 days and, say, 2 days, represents the weight 
of solvent retained by the rubber after it has stood 2 days. This retained 
weight may be as high as 6 per cent and may be accompanied by a swelling as 
high as 11 per cent. In spite of this, there is nothing in the comparative 
abrasive index figures obtained at the 2-day standing period to indicate that 
a noticeable error in the correlations has resulted. Since presumably with all 
compounds there is a tendency for the abrasive index to increase with time of 
standing after extraction, all the results should be comparable at any fixed 
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period of standing, and so it is felt that the drying period of 2 days adopted 
for the tests described herein should be satisfactory. 

Referring to Table VII, it will be observed that there is a considerable 
decrease in tensile strength, on extraction, with the compounds containing 
Cumar MH 2%, but not so much change with the compounds containing no 
Cumar. That the drop in abrasive index does not reflect this drop in tensile 
strength is shown by compounds 5-13 and 5-15, which contained Cumar, and 
suffered considerably in tensile strength on extraction, but, on the whole, did 
not drop appreciably more in abrasive index than the corresponding compounds 
5-12 and 5-14, without Cumar, which more or less retained their original 
tensile strength. This would lead one to discount changes in physical proper- 
ties, such as tensile strength and hardness which take place on extraction, in 
estimating the accuracy of abrasion resistance results obtained after extraction. 
In any case, it is generally true that any error produced as a result of changes 
in hardness and tensile strength is negligible compared to the error that is 
corrected by extraction. 

Moreover, as has been pointed out above, rubber abraded on the road is 
probably extracted rubber and so would have its properties changed in more 
or less the same way as if the rubber were extracted by a solvent. Conse- 
quently, the abrasion resistance on the road should be close to that of extracted 


rubber. 
CHANGING OF ABRASIVE 


In an investigation such as this where the degree of contamination of the 
abrasive is a factor influencing the results, it was thought that the question of 
changing the abrasive should merit some consideration. The use of a fresh 
piece of sandpaper for each test is recommended by Williams*® who, in de- 
scribing the du Pont machine, claims that this procedure gives greater uni- 
formity. In A.S.T.M. Designation D394-40, method C (U. 8S. Rubber Co. 
abrader), a fresh piece of abrasive paper is required for each test. Of late, 
however, there is a tendency to use the same piece of sandpaper for several 
tests. Sigler and Holt,' describing tests with the Bureau of Standards machine, 
used one paper for several specimens. The reporting of the result as an 
abrasive index where the standard comparison compound is retested at speci- 
fied stages along with a number of unknowns, on the same piece of sandpaper, 
is now a standard procedure with many abrasion machine operators. It is 
claimed that the effect of wear on the sandpaper is not very great after a short 
initial period of use. 

Table XIV shows the results produced with the Bureau of Standards 
machine when an abrasion resistance test is carried out with sandpaper con- 
taminated from a previous test. In the first experiment the abrasion loss of 
A.S.T.M. standard compound B was determined. Then compounds 5-8 and 
5-9, which were known to contaminate the paper excessively, were run on the 
same piece of sandpaper, starting with 5-8, followed by 5-9, after which 5-8 
was repeated. The standard compound B was then run again on the same 
piece of sandpaper. In the next series the order was changed slightly, and a 
second piece of sandpaper used, the order being: compound B, then 5-9, then 
5-8, then 5-9, and then compound B. In the third series, with a third piece 
of sandpaper, the order was: compound B; then 5-8, extracted; then 5-8, 
unextracted; then 5-8, extracted; then compound B. 

The figures show an increase in the number of revolutions per 2.5-mm. 
(0.10-inch) loss for the standard compound B as a result of running the tests 
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which contaminated the paper in between the two standard samples. The 
increase is slight, however, and may be partly due to the wearing of the abr. 
sive by the samples previously run. The fact that this change is slight is ap 
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indication that even if the paper becomes contaminated this does not too Thu 
seriously affect the results obtained with a subsequent sample run on the same fj and th 
piece of sandpaper. In abrasion tests such as these it is customary to condi- Standa 
tion the sample by running it on the abrasion machine for a short period pre- error © 
liminary to the test. This procedure might well also condition the paper, as tracted 
well as the rubber, by eliminating the previous contamination. runnin 
affect 
le 
TaBLeE XIV Pr 
Errect OF CONTAMINATION OF ABRASIVE ON SUBSEQUENT DETERMINATION I 
n 
aa. sac 
revolutions 
‘ sd and 0! 
Order of determination a a Tl 
Experiment 1 extrac 
A.S.T.M. standard B, fresh abrasive 382 ane centit 
Then 5-8, original, without changing abrasive 2780 708 in the 
Then 5-9, original, without changing abrasive 922 234 | 
Then 5-8, original, without changing abrasive 2840 726 m ne 
Then A.S.T.M. standard B, without changing but © 
abrasive 406 wher 
Experiment 2 . 
A.S.T.M. standard B, fresh abrasive 454 ap calcu 
Then 6-9, original, without changing abrasive 917 201 whet 
Then 5-8, original, without changing abrasive 2520 549 of e 
Then 5-9, original, without changing abrasive 1010 222 mag 
Then A.S.T.M. standard B, without changing r 
abrasive 457 
foot 
Experiment 3 ase 
A.S.T.M. standard B, fresh abrasive 432 ed mal 
Then 5-8, extracted, without changing abrasive 509 114 tt 
Then 5-8, original, without changing abrasive 2870 640 =e 
Then 5-8, extracted, without changing abrasive 527 118 In \ 
Then A.S.T.M. standard B, without changing 
abrasive 460 rec: 
resi 
In the first series, with compounds 5-8 and 5-9 on the one piece of paper, but 
there is a slight rise in the abrasive index of 5-8 as a result of running 5-9 in or 
between two samples of 5-8. Similarly, in Experiment 2, there is only a slight ral 
rise in the abrasive index of 5-9 as a result of previously running 5-8 on the du 
same piece of abrasive, even though 5-8 excessively contaminates the paper sm 
and itself has the impossibly high abrasive index of 549. Again, in Experiment un 
3, 5-8, extracted, is increased only slightly by previously running a 5-8, co 
unextracted, sample. in 
On the whole all the samples seem to be unaffected by previous contamina- 
tion of abrasive except perhaps for a slight improvement in the abrasion pl 
resistance result, which is in the same direction as the effect that would be eC 
produced by a wearing down of the abrasive. It is possible, however, that the a 
wearing of the abrasive might not be sufficient to explain the observed differ- 
ence. Sigler and Holt! state that a number of tests can be carried out without tl 
appreciable dulling of the abrasive. The evidence in Table XIV, therefore, t 
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points to the possibility that contamination of the abrasive by a previous test 
might affect a subsequent test, and that a contaminated abrasive should be 
changed, but only when extreme accuracy is desired. 






18 an 

t too Thus the running, in this investigation, of both the unextracted standard 
Same J and the unextracted sample on the same piece of abrasive on the Bureau of 
ondi. {| Standards machine would not be expected to add appreciably to the very large 
| pre. [ error observed for unextracted samples. Moreover, since neither the unex- 
r, as tracted standard nor the extracted sample produces visible contamination, the 






running of both on the same piece of abrasive was felt to be justified and not to 
affect measurably the accuracy of the abrasive index results for extracted 


samples. 







CALCULATION OF DU PONT MACHINE RESULTS 


In Tables I and II the results of the abrasion resistance tests on the du Pont 
machine have been calculated on the basis of volume loss per horsepower-hour, 
and on the basis of volume loss per hour. 

The abrasion loss in cubic centimeters per horsepower-hour is increased by 
extraction. When the abrasion resistance is expressed as the loss in cubic 
centimeters per hour, however, there may in some cases actually be a reduction 
in the loss after extraction. The discrepancy is apparently due to the change 
in horsepower produced by extraction. Extraction has, in every experiment 
but one, in the tables referred to, decreased the horsepower, and in those cases 
where the volume loss has been decreased by extraction, the drop in horse- 
power has been great enough to bring about an increase in the abrasion loss 
calculated on the basis of cubic centimeters per horsepower hour. However, 
where the volume loss is decreased or the horsepower is increased as a result 
of extraction, the decrease or increase, respectively, is of relatively small 
magnitude. 

The decrease in volume loss with extraction was observed particularly with 
footwear compounds, in which contamination of the abrasive is apparently not 
a serious factor. The recapping compounds had, on the other hand, an abnor- 
mally low volume loss, unextracted, owing to contamination of the paper, so 
the prevention of contamination by extraction was enough to cause an increase 
in volume loss instead of the otherwise possible decrease. 

It is obvious from Table I that the figures obtained on the unextracted 
recapping compounds are meaningless, and that only after extraction can the 
results be considered comparable with road wear. The ranking is affected 
but little when the extracted samples are compared either on the volume basis 
or on the horsepower basis, and this ranking agrees reasonably well with the 
ranking based on road wear in both cases. The differences in ranking pro- 
duced by changing the basis of calculation for the footwear compounds are also 
small and probably within experimental error. That the ranking of the 
unextracted recapping compounds is different from that of the extracted 
compounds indicates that, when there is serious contamination, extraction 
introduces a radical change in the results on the abrasion machine. 

A comparison of Table I with Table II shows that the percentage change 
produced by extraction in the abrasive index of the soling compounds is small 
compared to the change formed for the tread compounds. This may be 
attributed to the different compositions of the two types of compound. 

The fact that the horsepower invariably decreases on extraction is evidence 
that contamination of the sandpaper does not decrease, but rather increases, 
the friction between the sandpaper and rubber during the test. Nevertheless, 
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although the friction increases, the wear decreases, presumably because the 
abrasive particles are covered with a coating that protects the rubber from the 
cutting action of the abrasive. The effect is that of a lubricating film of such 
high viscosity that friction is increased instead of being decreased. 

Sample 4, Table I, gives an example of the effect of horsepower. Uney- 
tracted, with the sandpaper contaminated, the average horsepower during the 
test was 0.0187, and the wearing effect on the rubber onty 0.28 ce. per hour, 
Extracted, the horsepower was reduced to 0.0163 but the wearing effect in- 
creased to 3.57 ec. per hour. Obviously, the 0.0187 horsepower in the first 
experiment was not all necessary in abrading the sample, as, after extraction, 
a much greater volume loss was produced, with less horsepower; hence much 
of the horsepower in the first case was superfluous and associated with the 
contamination effect. It is not known, of course, just what proportion of the 
horsepower of 0.0163 was used up solely in comminuting the extracted sample, 
but this figure can be looked upon as a maximum higher than which it would 
not be necessary to go to comminute the sample. By proportion, if 0.0163 is 
the maximum for producing an abrasion loss of 3.57 ce. per hour, then the 
horsepower required to produce a loss of 0.28 ec. per hour should not be greater 
than 


——— X 0.28 = 0.1003 horsepower 
3.57 


Hence, in the abrasion test of the unextracted sample, 
0.0187 — 0.0013 = 0.0174 horsepower 


or 93 per cent of the total horsepower was superfluous, and associated with the 
contamination effect. This amounts to 186 gram-calories per minute, and 
because such heat would be generated at the surface of the rubber, it would 
contribute considerably to the heating of the rubber surface before being 


dissipated. 
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FRICTIONAL PROPERTIES OF TREAD-TYPE 
COMPOUNDS ON ICE* 


I. S. Conant, J. L. Dum, anp C. M. Cox 


Tus Firestone Tire & RuppeR Company, AKRON, Onto 


With the return of Hevea rubber to a free market, it is evident that GR-S 
must compete with it in terms of performance and economy. The widespread 
use of improved GR-S has amply demonstrated that, in many respects, it is 
comparable to natural rubber for use in passenger car tires and retreads. 

The standard GR-S tread compound, for example, has a satisfactory coeffi- 
cient of friction on normal road surfaces, and on the basis of unpublished 
road-test data it appears superior to natural rubber by as much as 16 per cent 
on wet roads. On ice, however, its coefficient of friction is appreciably lower 
than that of natural rubber. This fact is attested to by driver experience as 
well as by quantitative tests'. Although the differential is not so great as is 
popularly supposed (around 8 per cent), it is great enough to be significant 
in winter driving and in landing of airplanes on snow- and ice-covered runways”. 

Most of the previous measurements of traction or skid resistance of tires 
were made under actual or closely simulated service conditions’. These tests 
were concerned largely with the frictional properties of road surfaces from the 
viewpoint of the highway engineer. Application of these same methods to 
measurements of traction on ice and snow has been limited by the difficulty in 
obtaining sufficiently stable weather conditions. Results obtained over a 
period of even a few hours are, in general, not directly comparable because of 
the change in surface conditions caused by such factors as sunshine, temperature 
change, or age of ice. In an attempt to obtain more reproducible testing 
conditions as well as a more rapid and less expensive test, a new research 
approach to this problem was attempted. 


DESCRIPTION OF APPARATUS 


A piece of laboratory apparatus which had been used to measure the coeffi- 
cient of friction of rubber on various road surfaces was adapted to measure- 
ments on ice. It is shown schematically in Figure 1. The entire unit was 
placed in a cold room‘ where distilled water, contained in a shallow pan, was 
allowed to freeze to form the ice slab used as a test surface. The test sample, 
in the form of a button 7% inch in diameter, was placed in the holder and was 
loaded to a pressure approximately corresponding to that to which a tire is 
subjected in normal service. The force required to pull this loaded sample 
across the ice surface was indicated by the calibrated pressure gage connected 
to the hydraulic bellows. The coefficient of friction was then obtained simply 
by dividing this force by the vertical or loading force on the sample. The 
samples were buffed on a precision buffing machine to a thickness of 0.450 inch, 


* Reprinted from Industrial and Engineering Chemistry, Vol. 41, No. 1, pages 120-126, January 1949. 


This paper was presented before the Division of Rubber Chemistry at its semiannual meeting, Cleveland, 
Ohio, May 26-28, 1947. 


863 





eee a sn 

















864 RUBBER CHEMISTRY AND TECHNOLOGY 


uniform to +0.001 inch over the sample surface. This was done to remove the 
molded surface and to ensure a uniform degree of smoothness on all samples, 

Two types of measurement were made—determination of the coefficient of 
static friction and of the coefficient of dynamic friction. 

The static values were obtained by measuring the force required to just 
start the loaded sample moving across the ice from a stationary position. This 
corresponds, in service, to the peak tractive force available under the conditions 
of applying just enough power to car wheels (from a stationary position) to 
rotate the wheels without spinning them. The coefficient of static friction js 
the determining factor in starting a car on an icy surface or in preventing the 
car from sliding down a slope. 
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Fia. 1.—Diagram of apparatus. 


The dynamic values were obtained by measuring the force required to slide 
the sample across the ice at a uniform rate of 0.48 foot per second (0.33 mile 
per hour). This corresponds, in service, to the tractive force available between 
spinning wheels and ice or to the case of sliding locked wheels across the ice 
(at a low rate of speed). The coefficient of dynamic friction is the determining 
factor in stopping a car with the wheels locked or in starting the car by spinning 
the wheels. Because most of the danger in driving on ice arises from sliding 
conditions, the tests described were largely concentrated on the dynamic type. 
As will be pointed out later, however, road tests have shown that, for a tire to 
show superior behavior on ice, the coefficients of both dynamic and static 
friction must be high. 


TEST PROCEDURE 


Preliminary work on ice surfaces prepared in several different ways indicated 
that a number of variables, other than those inherent in the stock being tested, 
had considerable influence on the measured coefficients of friction. Some of 
these factors are: age of ice, smoothness of ice, smoothness of test specimen, 
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surface impurities on ice or sample, temperature, loading pressure on test- 
specimen, speed of sliding, adherence of ice to sample, and, in some cases, 
conditioning time of sample at test temperature. 

The most troublesome factors were those associated with reproduction of 
equivalent ice surfaces. After a number of different methods had been tried, 
the following technique was adopted and found to yield fairly reproducible 
results: 

1. Use ice at least twelve hours old. 

2. Melt a very thin layer on the ice surface with a hot air blower (hair 
dryer). Allow ten minutes’ conditioning time. 

3. Remove glossy surface of ice with emery paper, making sanding marks 
parallel to direction of slide. Use soft brush to remove ice particles. 

4, Place sample in holder and add sufficient weight to obtain the desired 
loading pressure. 

5. Make five preliminary motor-driven slides of the sample across the ice, 
no readings being taken. 

6. Make five more motor-driven slides, recording the mean pressure gage 
reading of each. The coefficient of dynamic friction is obtained from the 
average of these five readings. 

7. Make five readings, at different spots on the ice, of the force (applied 
slowly by hand) necessary to cause the sample to start sliding. The coefficient 
of static friction is obtained from the average of these five values. 

8. Repeat the above procedure on a duplicate test specimen of the same 
material. 

The coefficient of friction is given by the formula: 


pn = F/W 
where 
F = frictional force and W = vertical load 


REPRODUCIBILITY OF DATA 


The five individual dynamic readings obtained in step 6 were usually found 
to agree quite closely with one another. The static readings obtained in step 7 
usually included a wider range of values, which might be expected, since they 
were taken at different points on the ice surface. A typical set of readings 
(converted into coefficients of friction) on GR-S stock A tested at 20° F follows; 
the average of the five readings in each test was taken as the value to be 
reported: 


Dynamic Static 

0.217 0.159 

0.211 0.153 

0.208 0.159 

0.217 0.144 

0.211 0.138 

Average 0.213 0.151 


Tests made on a single specimen or on duplicate specimens usually gave 
coefficient of friction values within 0.02 of one another, provided the tests were 
made within an hour or so of one another. A somewhat wider variation was 
found when the results were obtained on different days or on different ice 
surfaces. Results of eight distinct tests, at each of five different temperatures 
on GR-S stock A, follow; the averages given are the values for dynamic friction 
reported in Figure 2. 
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30° F 25° F 20° F 10° F OF 
0.089 0.132 0.194 0.368 0.446 
0.079 0.139 0.266 0.390 0.496 
0.089 0.156 0.194 0.350 0.477 
0.077 0.147 0.258 0.368 0.457 
0.068 0.144 0.214 0.384 0.520 
0.081 0.144 0.188 0.419 0.544 
0.082 0.150 0.214 0.400 0.532 
0.079 0.135 0.222 0.342 0.548 
Average 0.080 0.143 0.219 0.378 0.503 
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Fic. 2.—Coefficients of friction on ice for GR-S compound A. 


The variation in these results was undoubtedly due to both sample and ice 
surface variation. An attempt was made to minimize the latter in most of the 
data reported by testing a control with each set of experimental stocks and 
relating the results to those obtained on the control. By this means the rela- 
tive coefficients of friction of a particular stock are reproducible within 5 
per cent. 


EFFECT OF AGE OF ICE 


In the laboratory tests it was possible to isolate many of the conditions 
that lead to large variations in road test results. The results of one of the 
most interesting of these studies is illustrated graphically in Figure 3. Ice 
surfaces, prepared as previously described, were allowed to remain at test 
temperatures for various times before the regular tests for coefficient of friction 
were made. The results were plotted against the age of the ice surface. It 
can be seen that both coefficients of friction increase with increased age of the 
ice. This phenomenon might partially account for the low traction attainable 
on fresh sleet ice and the greater traction available after the ice is a few hours 
old. The effect would be difficult to detect in a road test because of the com- 
plicating factors of the presence of a slight water film while the ice is forming 
and the introduction of foreign particles and coarse ice crystals as the ice 
became older. 

To eliminate this variable, all subsequent tests were made on ice which 
had been frozen at least twelve hours. By that time the coefficients of friction 
had become fairly well stabilized, and reproducible results could be obtained. 
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On ice which had been formed for more than a few hours, the coefficient 
of static friction is considerably higher than that of dynamic friction. In 
practice this means that greater tractive force is available if power is applied 
slowly so as to avoid spinning of the wheels. Likewise, a quicker stop on an 
icy surface may be obtained by intermittent braking and gearing down than 
by locking the wheels’. 


EFFECT OF SMOOTHNESS OF ICE SURFACE 


Since repeated testing over the same ice surface might cause a progressive 
change in the surface, it was necessary to renew the ice in some manner before 
each test. This was done by melting just enough of the ice to make a water 
film (by means of a small electric hair dryer). The surface froze again almost 
immediately and was then sanded lightly with medium emery paper. Tests 
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Fia. 3.—Effect of age of ice on coefficient of friction for GR-S stock A at 20° F and a 
loading pressure of 72 pounds per square inch. 


showed that the coefficient of static friction was practically unchanged by this 
treatment but that the coefficient of dynamic friction was lowered by about 
one third. In the case of stock A, for example, the coefficients of dynamic 
and static friction were 0.25 and 0.19, respectively. After the surface was 
sanded, the corresponding values were 0.18 and 0.19. Results on the rough- 
ened ice were found to be more reproducible than those on glazed ice. 


EFFECT OF TEMPERATURE OF TESTING 
Determinations were made of the coefficients of dynamic and static friction 
of GR-S compound A at 0°, 10°, 20°, 25°, and 30° F. The results obtained are 
shown in Figure 2. It is evident that both coefficients rise rapidly as the 
temperature is lowered. 
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The hardness and the internal friction of a rubberlike material increase with 
a decrease in temperature, each of which should decrease the coefficient of 
friction. Since the opposite effect was observed, we should look to the effect 
of temperature change on the structure of ice. Nothing has been found in the 
literature, however, which would indicate any change in crystal structure of 
ice under the given conditions of temperature and pressure. The results might 
be explained on the basis that the load pressure tends to melt small quantities 
of ice at the point of contact and thus forms a more slippery surface. This 
tendency would naturally be less evident at lower temperatures. 

The effect of temperature on coefficient of friction is not so critical in tire 
behavior on ice as it is in laboratory tests. A tire is usually somewhat warmer 
than the ice on which it is running, and it may be able to melt minute quantities 
of ice at ambient temperatures considerably below freezing. Because of in- 
creased hysteresis in the rubber, the temperature differential between the 
rubber and ice may increase with decreasing ambient temperatures. The heat 
build-up in a tire, especially at low temperatures, is thus an important factor 
in its tractive ability on ice. 


EFFECT OF LOAD 


As previously mentioned, coefficients of friction of rubberlike materials on 
ice depend on the vertical loading pressure. This was found to be especially 
true under dynamic conditions. Some typical results obtained at 20° F on 
tread type stocks are as follows: 








Dynamic Static 
Tread stock “402 730 106° “402 73 106". 
GR-S 0.28 0.25 0.23 0.19 0.20 0.19 
Hevea 0.38 0.35 0.30 0.30 0.28 0.25 


@ Vertical loading pressure in pounds per square inch. 


Roth, Driscoll, and Holt® found that, against ordinary surfaces, an increase 
in pressure on the rubber produced only a very slight decrease in 
coefficient of friction. On ice, however, according to the data in the preceding 
table, this effect is apparently more pronounced. One possible explanation is 
that the combination of increased pressure and work done on the ice melts 
minute quantities of ice and thus decreases the coefficient of dynamic friction. 
No work is done on the ice by the technique of obtaining the coefficient of static 
friction, so it is reduced less by the higher pressure. With the exception of 
those in the preceding table, all results reported were obtained at a loading 
pressure of 73 pounds per square inch. 


EFFECT OF SHAPE OF SPECIMEN SURFACE 


To determine whether the sharp edge of the cylindrical specimen caused an 
increase in the apparent coefficient of friction by scraping on the ice surface, 
check tests were made in which the leading edge was buffed off to a rounded 
surface. No appreciable change in the values obtained was found. For ex- 
ample, a GR-S tread-type stock at 0° F gave a coefficient of dynamic friction 
of 0.43 when a normal specimen was used and 0.44 after the leading edge had 
been rounded off. 
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EFFECT OF CURE 
The degree of cure was found to have little effect on the coefficient of 


dynamic friction of either GR-S or Hevea tread-type vulcanizates on ice. 
Relative values at 20° F, obtained on three different cures of each stock, are 


as follows: 


Relative 

Cure at 280° F coefficient 

Tread stock (min.) of friction 
GR-S 25 1.00 
75 (control) 1.00 
120 1.00 
Hevea 25 1.23 
75 1.18 
120 1.18 


The results reported in this and the following sections are relative values 
based on the GR-S control (cured 75 minutes at 280° F) as 1.00 unless other- 
wise stated. By this means the results are more directly comparable on one 
another, since the control was included in each series of tests. 


EFFECT OF BLACK CONTENT 


Two compounding variations were found to cause consistent changes in the 
coefficients of friction of GR-S tread-type vulcanizates on ice, viz., the type 
and amount of black and the type and amount of softener. Both HMF and 
SRF blacks were found to give higher coefficients of both dynamic and static 
friction at 20° F than did the EPC control, as shown in the following table. 
In each case the black content was 45 parts per 100 parts of GR-S, which pro- 
duced stocks of nearly equivalent hardness; cures were 65 minutes at 280° F. 


Relative coefficient 





Shore of friction 
hardness A — 
Black at 20° F Dynamic Static 
EPC 62 1.00 1.00 
HMF 58 1.14 1.86 
SRF 62 1.06 2.12 


It was found that an increase in the EPC black content of a compound 
was accompanied by a decrease in the coefficient of dynamic friction. This is 
illustrated in the case of GR-S in Figure 4. Except for the black content the 
compounds in this series followed the formula of compound A. These results 
would seem to substantiate a popular opinion that the coefficient of friction is 
an inverse function of the hardness. However, as later results show, this is 
not a safe general rule, especially when compounds based on different polymers 
are included. 

EFFECT OF SOFTENER CONTENT 

Some softeners, especially those which produce good low-temperature prop- 
erties in general, were found to cause an increase in the coefficient of dynamic 
friction, the amount of the increase being roughly proportional to the softener 
content. The following results, obtained at 20° F on three concentrations each 
of four common commercial softeners, show that pine tar is actually detri- 
mental to the coefficient of friction, whereas DP-402, TP90B, and plasticizer 
SC produce definite improvement, especially when used in large concentrations. 
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In each case the specified amount of softener was substituted for the Bardol 
and Paraflux contained in compound A: 





Softener Relative coefficient of dynamic friction 
(parts by i A ha 
weight) Pine tar DP-402 TP90B Plasticizer-SC 
8 0.91 1.05 1.00 1.12 
12 0.91 1.10 1.23 1.35 
16 0.91 1.25 Bes f 1.44 


These data were obtained primarily as an evaluation of the effect of plasti- 
cizer concentration. Some conclusion might be drawn, however, regarding 
the effect of different types of chemical softeners. The polyether type of 
plasticizer (TP90B) gave results higher than those of one ester type (DP-402) 
and lower than those of another ester type (Plasticizer-SC). Thus the chemi- 
cal nature of the plasticizer does not appear to be the determining factor in its 
effect on coefficient of friction of a GR-S compound on ice. 
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Fia. 4.—Effect of EPC black content on coefficient of dynamic friction of GR-S 
stocks on ice at 20° F. 


Figure 5 shows the coefficients of dynamic friction obtained at 20° and 
0° F of a number of GR-S compounds containing 8 parts each of various com- 
mercial softeners or softener combinations. Table I gives the base formulas 
of these compounds. The combination of TP90B and PD706A gives the 
highest values at both temperatures. The results shown in Figure 5 indicate 
that a greater differentiation in coefficients of dynamic friction on ice occurs at 
0° than at 20° F, and that stocks which show high values at one temperature 
also, in general, show high values at the other temperature. 


EFFECT OF BASE POLYMER 


Despite limited increases in coefficient of friction which may be induced by 
compounding variations, the ultimate values are largely properties of the base 
polymer on which the stock is compounded. Table II shows the relative 
coefficients of both dynamic and static friction at 20° F obtained on compounds 
based on a number of different polymers and polymer blends. 
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BASE 
rdol FORMULA FEATURE 


A CONTROL 

A TRIBUTOXY ETHYL PHOSPHATE 
SOFTENER 

A PD706A SOFTENER 


A TP90B + PD706A SOFTENERS 





a A —_—-FLEXOL 460 SOFTENER 
ing 
of A PICCOVOL SOFTENER 
(2) 
mi- A. ROCKET OIL 60Z SOFTENER 
its 
A XYLEX NO.! SOFTENER 
A _ DISPERSING AID S 
8  HMF BLACK + MINERAL RUBBER 
CG MF BLACK + TURGUM 
es. 
COEFFICIENT OF DYNAMIC FRICTION GAT 32° F. (FILM OF WATER ON ICE) 
Fig. 5.—Coefficient of friction of GR-S tread stocks on ice 
(at load of 72 pounds per square inch). 

Some of these compounds tested, e.g., Butaprene NSP-6, showed very high 
coefficients of static friction but very low coefficients of dynamic friction. In 
such cases the compound was invariably very hard, which probably made 
possible some degree of regelation to take place under the conditions of the 

TABLE [ 
Base Formutas, IN Parts By WriGcut 
Stock A B Cc D D K G 

Polymer 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Sulfur 2.0 ier 2.0 2.0 1.6 hee 2.0 

Zine oxide 2.4 2.4 2.4 3.0 2.4 5.0 5.0 
| Stearic acid 2.4 ee ah 1.0 2.4 2.0 3.0 

Antioxidant 0.6 0.6 0.6 1.0 0.6 2.0 ape 
S Santocure 1.2 1.0 1.2 
Paraflux 4.0 2.5 5 
. Bardol 4.0 a et 5. 4. ne ace 
° EPC black 45.0 ay ee 45.0 450 27.0 45.0 
t Mineral rubber ‘oe 8.0 are ate ne ae 
| HMF black - 50.0 50.0 

lurgum Sa “> 10.0 ae, ine ane 

Altax Foi ae ate 1.0 ods 0.4 oe 

Captax pee Sey oe age? 0.15 ep ; 1.0 

LC magnesia es reas rae a, aoe 4.0 ee 
: Sodex Hoe ee oe am 1.0 

PD706A es ee * a ae 10.0 

Medium-process oil cae ie aan re ere 

Tuads et oe en et me yi 1.0 
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TABLE IT 
EFFECT OF POLYMER VARIATIONS ON COEFFICIENTS OF FRICTION ON ICE AT 20° F 

Relative 

coefficient 

of friction 

Base ¢ A 

formula Poly mer Dynamic Static 
A GR-S control 1.00 1.00 
A XP-19 butadiene-dichlorostyrene (75-25) 0.82 0.95 
A XP-20 butadiene-monochlorostyrene (75-25) 0.83 0.94 
A XP-21 butadiene-dichlorostyrene (67-33) 0.43 0.76 
A German Buna 8-3 0.98 1.06 
A Polyisoprene 1.15 1.38 
A 75 parts GR-S, 25 parts Hevea 1.12 1.06 
A 50 parts GR-S, 50 parts Hevea 1.24 1.21 
. 50 parts GR-S, 50 parts Hevea 1.08 1.41 
. 25 parts GR-S, 75 parts Hevea 112 1.52 
A GR-S; rosin soap 0.98 1.10 
A Isoprene-styrene (75-25) 0.40 1.01 
A Butadiene-a-methylstyrene (72-28) 0.96 0.72 
A 75 parts GR-S, 25 parts Neoprene-GN 0.79 0.88 
A 50 parts GR-S, 50 parts Neoprene-GN 0.70 0.76 
A C-16 thiol-modified butadiene-styrene (75-25) 0.95 1.01 
A Alcohol-coagulated butadiene-styrene (75-25) 1.10 1.16 
A Sodium-polymerized butadiene-styrene (75-25) 0.51 1.23 
D Butaprene-NF 0.46 0.70 
D Butaprene-N L 0.27 0.77 
E Butadiene-vinylpyridine (75-25) 0.78 0.54 
F 50 parts GR-S, 50 parts Neoprene-GN 1.03 2.48 
F 25 parts GR-S, 75 parts Neoprene-GN 0.89 1.43 
F Neoprene-GN 0.82 1.78 
G Butyl rubber 0.64 1.44 
1¢ 75 parts GR-S, 25 parts Butaprene NSP-6 0.61 0.69 
2» 50 parts GR-S, 50 parts Butaprene NSP-6 0.40 0.64 
3° 25 parts GR-S, 75 parts Butaprene NSP-6 0.18 1.03 
3° Butaprene NSP-6 0.15 2.78 


* Commercial tread formula. 

* Formula A + 4.0 parts Plasticizer-SC. 
+ Formula A + 8.0 parts Plasticizer-SC. 
¢ Formula A + 12.0 parts Plasticizer-SC. 


static test. In general, compounds in this series which gave high dynamic 
values also gave high static values; whereas this was not true in the softener 
variation series. 

Certain of the compounds in Table II showed higher coefficients of both 
dynamic and static friction than did the GR-S control. These include the 
alcohol-coagulated butadiene-styrene, the polyisoprene, blends of GR-S with 
Hevea in all proportions tested, and the 50-50 blend of GR-S with Neoprene- 
GN in the Neoprene formula. 

Some types of polymers, on which data are shown in Table II, gave con- 
sistently low coefficients of dynamic friction. These included the butadiene- 
acrylonitrile (Butaprene), isoprene-styrene, Neoprene, Butyl, sodium-poly- 
merized GR-S, and butadiene-dichlorostyrene types. Compounds based on 
these same polymers are generally recognized to show low temperature proper- 
ties inferior to those of GR-S. The base formulas of the compounds are given 
in TableI. The letter in the first column of Table II indicates the formula used. 
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The Butyl rubber compound behaved differently in one respect from any 
of the others in this series. As the sample was started from the static position, 
or as it was lifted from the ice at the end of its slide in the dynamic test, the 
surface which contacted the ice was often found to be partially covered with 
tightly adhering ice crystals. In such cases the frictional forces were very low 
and had to be discarded. As the temperature was lowered, this condition 
became exaggerated until, at 0° F, no readings unaffected by ice pickup could 
be obtained. This same phenomenon was subsequently noted, though not to 
so great-a degree in tests on other compounds at 0° F. In most cases whenever 
a compound showed an abnormally low coefficient of friction of 0° F, it was 
found to be the result of some degree of ice adherence or pickup. During the 
tire tests to be described, it was also noted that the Butyl tire picked up ice 
and snow on its surface more readily than did any of the other tires in the series. 


EFFECT OF MODULUS AND STIFFNESS OF COMPOUND 

To investigate more fully the effect of stiffness of the compound on its 
coefficient of friction on ice, Young’s modulus was determined on a large 
number of compounds of the coefficient of friction series. These tests were 
made according to a method previously described by Liska® and by Conant 
and Liska’. Figure 6 shows the relative modulus (compared to that of the 
GR-S compound A) plotted against the relative coefficient of dynamic friction 
on ice, both measurements made at 20° F. When all of the compounds are 
considered, practically no relation between the two properties is evidenced. 
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Fie. 6.—Coefficient of friction vs. Young’s modulus at 20° F. 
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Fic. 7.—Coefficient of friction vs. hardness at 20° F. 


In the case of compounds based on GR-S only, those having high coefficients of 
friction also tend to have low moduli. This tendency is more noticeable in 
the GR-S stocks in which the only compounding variations were in softener 
type or content. In general, however, it appears clear that the stiffness of a 
compound cannot be used to estimate its coefficient of friction. 

Hardness measurements ‘made with a durometer (instantaneous-reading) 
likewise showed very little relation to the coefficients of friction. Figure 7 
shows the corresponding values, both properties being measured at 20° F. 
These are the same compounds as those on which results are shown in Figure 6. 


EFFECT OF HYSTERESIS OF COMPOUND 


All commercially available synthetic rubbers possess greater hysteresis than 
does natural rubber, especially at low temperatures. This fact led to the 
thought that there might be some connection between the internal friction and 
the coefficient of friction on ice. Determinations were, therefore, made of the 
internal friction at 20° F of representative compounds among those tested for 
coefficient of friction, according to the method outlined by Dillon, Prettyman, 
and Hall*. In Figure 8 the relative values found are plotted against the rela- 
tive coefficient of dynamic friction on ice. The compounds having low internal 
friction show a tendency toward high coefficient of friction on ice, but the two 
properties are evidently not closely related. 

In each of the three comparisons of Figures 6, 7, and 8, the coefficient of 
correlation is highly significant according to the methods of Snedecor®. The 
following table shows the correlation of coefficient of dynamic friction on ice 
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with other physical properties at 20° F, and the number of cases in each 
comparison: 


Property Correlation No. of cases 
Young’s modulus 0.310 105 
Internal friction 0.760 33 
Durometer hardness 0.663 150 


From the spread of the data shown in Figures 6, 7, and 8, however, it is 
obvious that in no individual case could the coefficient of dynamic friction be 
safely predicted from Young’s modulus, internal friction, or hardness data. 


COMPARISON WITH ROAD TESTS 


The coefficients of dynamic and of static friction on ice have been shown 
to vary independently of each other. The question, then, arose as to which 
was more important in the overall behavior of a tire on icy surfaces. To check 
this point, as well as the validity of the laboratory test in general, several 
compounds were built into tire treads for tests on ice. The compounds were 
selected on the basis of laboratory tests so that they contained combinations 
of high dynamic with low static, high dynamic with high static, low dynamic 
with low static, and low dynamic with high static coefficients of friction on ice. 
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Fic. 8.—Coefficient of friction vs. internal friction at 20° F. 


The skid dynamometer employed in the tire tests were specially designed 
to enable tractive force measurements to be made under a large variety of test 
conditions, such as side skid, forward skid, incipient slide, ete. The essential 
operating principles involved are similar to those of the skid dynamometer 
described by Bird and Miller. The test tire was placed on the fifth wheel of 
the vehicle and loaded to rated capacity. With the vehicle traveling at 20 
miles per hour, the brakes were applied to the fifth wheel. The frictional force 
between the tire and the test surface was transmitted through a diaphragm 
and hydraulic system to a Bachrach indicator. This indicator, in turn, actu- 
ated a specially built recorder, by means of which the frictional forces were 
continuously recorded on’a waxed tape. Examination of the records showed 
that the frictional force builds up to a maximum as the brake is applied and 
then declines to a somewhat lower level as the tire begins to slide. The sliding 
friction was closely proportional to the peak friction, so only the latter are 
reported. 
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The tests were made on a taxi strip of the Malone-Dufort airport at Malone, 
N. Y. A sleet storm had covered the strip with glare ice, which was, in turn, 
covered by about an inch of powder snow, duplicating a condition often 
encountered on streets and highways. The relative results shown in Table II] 
were based on the averages obtained from at least twenty brakings on each 
test tire. Table III also shows the laboratory results obtained under both 


TABLE III 


COMPARISON OF LABORATORY AND Roap Test Data 
(RELATIVE RatTINnGs) 


Skid 

dyna- 
Lab. co mometer Road Road 
dynamic tatic (6° and dynamic static 

Tread compound (20° F) (20° F) 16° F) (14-25° F) (14-25° F) 

GR-5S 1.00 1.00 1.00 1.00 1.00 
Hevea 1.13 1.10 1.09 1.04 1.16 
Butyl rubber 0.74 1.31 0.87 0.96 1.61 
GR-S containing sawdust 0.90 1.72 1.15 1.01 0.99 
Acid-emulsion butadiene-styrene 1.21 0.96 1.13 1.07 1.20 
GR-S containing Plasticizer-SC 1.22 0.63 0.99 0.88 1.05 
GR-S containing HMF black 1.25 1.20 1.01 0.95 1.12 
85/15 butadiene-styrene 1.17 0.86 1.07 0.94 1.13 
GR-S, rosin soap 1.02 1.04 0.99 1.04 1.19 
Neoprene-GN 0.76 0.73 0.83 0.90 1.05 


dynamic and static conditions on samples prepared from a portion of the stock 
used to make the experimental treads. The laboratory tests were made at 
20° F, and the skid dynamometer test ratings are an average of results obtained 
at 6° and 16° F. 

The skid dynamometer ratings are intermediate between the dynamic and 
static rating on most of the compounds listed. The coefficients of both dy- 
namic and static friction, then, appear to be important factors in determining 
the tractive ability of a tire on ice, with the dynamic value being somewhat 
more indicative. 

The skid dynamometer method measures one type of tractive ability—that 
of being able to stop on an icy surface. Two other types are also important— 
the ability to start a car from a standstill (static friction) and the ability to 
ascend an icy grade at a moderate rate of speed (dynamic friction). A different 
experimental set up was used to measure these properties. 

The tires were placed on the rear wheels of a passenger car, which was 
attached by a chain to a diaphragm on the front of the skid dynamometer 
truck. With both vehicles stationary and the brakes locked on the skid 
dynamometer truck, enough power was slowly applied to the rear wheels of 
the car to cause them to spin. The recorded tractive force was used as a 
measure of the static tractive ability of the tires. 

In the dynamic test the two vehicles were again fastened together and their 
speed synchronized at 20 miles per hour. With the chain taut, the brakes on 
the skid dynamometer truck were slowly applied until the rear wheels on the 
car started spinning. 

Relative ratings obtained as a result of these tests are also given in Table 
III. The test surface was glare ice with the sun shining brightly and the 
temperature varying from 14° to 25° F. The control tires were tested fre- 
quently so that each experimental tire was compared with a control tested 
shortly before or afterward. 
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CONCLUSIONS 


The laboratory test method described is capable of indicating with a fair 
degree of accuracy the tractive ability of a tire tread compound on ice. Coeffi- 
cients of both dynamic and static friction are important in determining the 
resistance to slide of a tire. 

The base polymer in a tread compound is the principal factor affecting the 
coeflicients of friction. Among compounds based on different polymers, the 
coefficients of friction on ice are not closely related to either the stiffness or 
hardness of the stock or to its hysteresis. The coefficients of friction of stocks 
based on a single polymer, however, are greatly influenced by the type and 
amount of softener and by the type and amount of black. 
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FLEX LIFE OF PASSENGER TIRES 


RELATIONSHIP OF RAYON TIRE CORD DIP PICKUP 
AND CORD ADHESION * 


R. T. Murpny, L. M. Baker, ano R. REINHARDT, JR. 


THe MANsFIELD Tire & RusBER ComPpaNy, MANSFIELD, OHIO 


Rayon tire cord must have upon it an adhesive film in order to establish 
a bond between the cord and the tire body stocks. Gillman and Thoman! 
have shown that, with an adhesive of a given composition, adhesion between 
cord and rubber is a function of solids pickup, or that adhesion increases as the 
thickness of the adhesive film increases. The same work showed that increas- 
ing the concentration of solids in the dipping bath is an effective way to bring 
about an increase in solids pickup; and that other factors, such as cord tension 
through the dipping bath, speed of processing, and viscosity of the dip bath 
also affect dip pickup. 

This work with reclaim dispersion, GR-S latex, casein systems has been 
undertaken to determine how variations in dip-solids pickup and the resulting 
changes in single cord adhesion affect the flex life of rayon cord in passenger 
tires. It has been found that there is a marked relationship among adhesion, 
dip deposit, and tire life. This relationship is discussed in detail below. 


MATERIALS AND EQUIPMENT 


Table I lists information on the materials used in this work. 


TABLE [ 


MATERIALS 
Rayon cord fabric 


Cord construction 1650 denier/2 ply 
Gage 0.0275 inch 
Filling Approx. 30’s/1, 2 picks per inch 


Ingredients for dip baths 
Water dispersions of whole-tire reclaim 


GR-S latex Type IIIT i 
Argentine 30-mesh casein solubilized with borax 


In the first test described below, the rayon cord fabric was dipped by use 
of a Waldron unit, then coated on a separate, 2-calender train. In the second 
test, the fabric was dipped, dried, and calendered with the Waldron unit and a 
4-roll_ ealender in tandem. Modern factory-size equipment for preparing 
caseinate solutions and blending and bulking of dip solutions was used 
throughout. 


* Re srinted from Industrial and Engineering Chemistry, Vol. 40, No. 12, pages 2292-2295, December 


1948. This paper was presented before the Division of Rubber Chemistry at the 112th Meeting of the 
American Chemical Society, New York, September 17-19, 1947. 
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TESTING PROCEDURE 


Calendered fabric was built into 6.50/16 four-ply passenger tires and evalu- 
ated on a 48-inch diameter indoor test wheel. In each test, the tires were 
made as nearly identical as possible by use of a blend of stocks and very careful 
supervision during all manufacturing operations. The tires were run at 25 
miles per hour under test wheel conditions of rated load and with inflation 
pressure adjusted to produce 20 per cent deflection. Adhesion tests were made 
at room temperature with the single cord H test as described by Lyons, Nelson, 
and Conrad? and adhesion stocks of the following composition: 


First test 


No. 3 smoked sheet 42 
GR-S 16 
Whole-tire and peel reclaim 84 
E.P.C. black 8 
Philblack-A 13 
Zine oxide 2 
Fatty acid I 
Asphalt 7 
Process oil 8 
Santocure ] 
Barak 0.5 
Sulfur 2.75 
186.25 
Second test 
No. 1 smoked sheet 100 
E.P.C. black 20 
S.R.F. black 30 
Zine oxide 13 
B.L.E. 1 
Stabilite 0.4 
Paraflux 5 
Pine tar 1.3 
Staybelite resin 5.5 
Fatty acid 2 
Barak 0.5 
Benzothiazoyl disulfide 0.65 
Sulfur 2.6 
181.95 


The jaws used for pulling the H test-pieces were of the slotted-ledge type’. 
Dip pickup was determined as the amount in percentage by weight of dry-dip 
solids deposited upon the original dry, undipped fabric, or dry-dipped weight 
of fabric minus dry-undipped weight divided by dry-undipped weight. These 
weights were determined as follows: 


Wd = weight of dipped roll of fabric 

Md = moisture content of dipped roll of fabric 
Wd (dry) = dry weight of dipped roll of fabric 
Wu (dry) = dry weight of undipped roll of fabric 
D = weight of dip solids used 

V = volume of dip solution used in gallons 

Dv = weight of dip solution per gallon 

T's = total solids concentration of dip solution 
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Wd (dry) = Wd — (Wd X Ma) 
D=VxXDvXTs 
Wu (dry) = Wd (dry) — D 


Wd (dry) — Wu (dry) a D 
Wu (dry) Wu (dry) 


This method of determining dip pickup does not take account of the very 
small percentage of dip solids left in the drying oven. Another method of 
determining the total amount of dip solids actually deposited on the fabric 
includes calculation of dry undipped fabric weight from the weight and mois- 
ture content of the undipped fabric. This second method was discarded in 
favor of the method used because it was believed that the amount of dry- 
dip solids used could be determined more accurately, even disregarding quan- 
tities left in the drying oven, than could the moisture content of the undipped 
fabric due to uneven moisture distribution. 





Dip pickup = 


DESCRIPTION OF TESTS 

Two separate tests were completed. The first test included the four dip 
formulas shown in Table II, and was designed to evaluate four basic versions 
of the reclaim, GR-S, casein type of adhesive. Variations in reclaim-GR-S 
ratios, casein content, total solids concentrations, and types of reclaim disper- 
sion were involved. In one case, vulcanizing ingredients were added. The 
results were analyzed from several viewpoints, and it was observed that the 
best tire performance accompanied the lowest values of dip pickup and single 
cord adhesion. Since this tendency appeared to be in opposition to some 
generally accepted beliefs, it was decided to investigate further. As a result, 
the second test was designed to include the three formulas shown in Table III. 


TABLE II 
First Test FoRMULAS AND RESULTS* 

Ingredients (dry basis) Formula I Formula II Formula III Formula IV 
GR-S latex type III 50 25 25 15 
Reclaim dispersion 50 75 75 85 

Approx. Approx. Soap disp. Approx. 
13% 13% containing 6.5% 
casein in casein in vulcanizing casein in 
dispersion dispersion ingredients dispersion 
Casein added (as % of total 
finished dip solids) 15 6 8 5.5 
Total casein (as % of total 
finished dip solids) 20 15 8 10 
Total solids concn. of fin- 
ished dip (%) 18.6 25 20 20 
H test adhesion, pounds 8.5 8.3 7.2 7.0 
Dip pickup (%) ; 8.8 9.7 7.3 6.5 
Relative test wheel mileage 
as % of control value 
First tire 108 103.5 120.5 121.5 
Second tire 92 45 93.5 97.5 
Third tire gabe 70.5 ne Fr 
Average 73 107 109.5 


100 
(Control value) 


«Carcass compound used contained approximately 65 parts GR-S, 20 parts crude rubber, 30 parts 
whole-tire reclaim. 
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TABLE III 
Seconp Test ForRMULAS AND RESULTS* 
Ingredients (dry basis) Formula V Formula VI Formula VII 

GR-S latex type III . 25 25 25 
Reclaim dispersion (containing approx. 13% 

casein) i 75 75 75 
Casein added (as % of total finished dip 

solids) ; ; 6 0 6 
Total casein (as % of total finished dip 

solids) ; ; 15 9 15 
Total solids conen. of finished dip (%) 18 17 9 
H test adhesion, pounds 9.9 9.0 8.3 


Relative test wheel mileage as % of con- 
trol value 


First tire 88 79 135 
Second tire 118 119 169 
Average 103 99 152 


«A 100% crude rubber carcass stock was used in this test. 


Formula II from the first test was arbitrarily chosen, and varied as follows: 
Formula V in the second test duplicated Formula II in the first test, except 
that the total solids concentration was reduced from 25 to 18 per cent. The 
added casein in Formula V was then eliminated to give Formula VI, a poten- 
tially lower adhesion mixture. Formula V was also diluted to one-half its 
original total solids concentration to give Formula VII to reduce both single 
cord adhesion and dip pickup. 


TEST RESULTS 


In addition to test results shown in Tables II and III, there were no sig- 
nificant differences in running temperatures among all tires tested. All failures 
were of the same general type. Failures were fatigue breaks in cord fabric in 
shoulder and side-wall area, the region of greatest flexing. A careful examina- 
tion of failed cords from the tires showed evidence of fatigue, particularly at 
the point where the filling yarn crossed the warp cords. This condition is 
commonly referred to as pick cutting. Figure 1 shows various stages in the 





Fia, 1.—Various stages in the development of pick cutting. 
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development of this type of failure. In the cord on the left failure is almost 
complete, in the middle cord one ply has failed, and in the cord on the right 
the rupture of individual filaments has just begun. All failures shown are 
where the filling yarn crossed the warp cords. Cord fatigue and separation 
between ply stocks occurred together in some tires. In other tires fatigue 
breaks occurred with no evidence of ply separation. This would indicate that 
cord fatigue was the primary failure in all tires. 


DISCUSSION OF DATA 


In spite of the variation among the formulas in the first test, the outstanding 
observation was the tendency for tire life under high flex running conditions 
to increase as the amount of dip-solids deposit decreased along with single cord 
adhesion values. 

In the second test, three variations of the same basic recipe showed that 
flex life of cords in tires was not changed significantly by a change in casein 
content and a minor change in total solids concentration. On the other hand, 
when the basic recipe with added casein was diluted to half its original total 
solids concentration, a very sharp increase in fatigue resistance was noted. 
Since only enough rayon fabric was treated in the second test to allow the 
building of test tires, no attempt was made to determine dip pickup values at 
the time of processing. It is assumed, however, that no pronounced difference 
in dip pickup existed when Formulas V and VI were used and that a definite 
reduction in dip pickup occurred when Formula VII, the 9 per cent solids 
mixture, was used. This is in line with the conclusions of Gillman and 
Thoman!, who show that dip pickup decreases as the total solids concentration 
of the dip bath decreases. 

The principal assumption then is that, in the second test, dip pickup values 
for Formulas V and VI were essentially the same and that this value for For- 
mula VII was considerably lower. This is confirmed by the lower adhesion 
value obtained with Formula VII. Based on this assumption and the data 
listed in Table III, the following conclusion has been reached. 

When the adhesive film is derived from a dip solution of the reclaim dis- 
persion, GR-S latex, casein type described under Formulas V and VII, it 
appears that flex life of woven rayon cord fabric in passenger tires is improved 
by lower pickup of dip solids, even though single cord adhesion values are 
reduced. 

To approach an explanation of the effect of amount of dip deposit on the 
fatigue resistance of rayon cords, tire tests were performed, and these showed 
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Fie. 2.— Microscopic examinations of dipped and calendered cords. 
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that failure of the warp cords at the filling yarn was evident in the high flex 
areas of the tires. Since the presence of the filling yarn produces a potential 
point of failure when it crosses the cord, it was undertaken to determine how 
the filling yarn affects the deposit of dip solids at that spot. Microscopic 
examinations of dipped and calendered cords have shown that, during dipping, 
two things happen where the filling yarn crosses and is in contact with the 
warp cord. First, there is no deposit of dip solids between the filling yarn and 
the cord; second, there is an excess of dip solids near and on the filling yarn. 
Figure 2 shows sketches of these conditions. Figure 2, A, represents a longi- 
tudinal cross-section of a warp cord and transverse cross-sections of filling 
yarns to illustrate the pileup of dip solids at the filling yarns and Figure 2, B, 
represents the exterior appearance of a warp cord with one of the filling yarns 
removed. In Figure 2, although the scale of filling yarn size to cord size is 
approximately correct, the interval between filling yarns has been reduced. 
Figure 3 is a photograph of a single warp cord with filling yarn removed show- 
ing the condition sketched in Figure 2, A. 


ae: 8 Mel 


Fig. 3.—Single warp cord with filling yarn removed showing the condition sketched in Figure 2. 


During the processing of woven cord fabric through a Waldron unit, there 
is an opportunity for considerable runback of dip solution over the warp cords, 
particularly at the squeezing operation. This runback is blocked between the 
cords and on the surface of the cord by the filling yarn and a build-up of dip 
solids occurs as the solution is concentrated at and on the filling yarn. Also, 
even after squeezing an excess of solution remains near the filling yarn and 
results in a deposit of dip solids readily visible under a microscope. 





Fia. 4.—Deposit of dip solids readily visible under a microscope. 
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Fig. 5.—Difference in deposit at the filling yarn when 9 per cent total solids solution is used. 


Figure 4 shows this condition when an 18 per cent total solids solution such 
as Formula V is used. For comparison, Figure 5 shows the difference in 
deposit at the filling yarn when a 9 per cent total solids solution, such as 
Formula VII, is used. In Figure 6, dip deposits on the filling yarns themselves 
are shown with the results of dipping in an 18 per cent solution on the left 
and in a 9 per cent solution on the right. The filling yarns were removed 
from the warp cords before being photographed. 

It is known that cord-dip solutions of the type described produce stiff hard 
dried films. The presence of an excess of such a film in contact with filaments 
of a rayon tire-cord is believed to be one of the causes of the ultimate failure 
of the cord under high flexing conditions, particularly when excess deposits 
flank a spot where there is no deposit and produce a hinge point. A reduction 
in dip solids reduces the overall deposit on the cords and results in longer 
flexing life in the cords themselves. 





Fi1a. 6.—Dip deposits on the filling yarns. 
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CONCLUSIONS 


The contention is, then, that with reclaim dispersion, GR-S latex, casein 
dip solutions, the best flexing life in woven rayon passenger tires is obtained 
with lower amounts of dip pickup. High single cord adhesion values do not 
guarantee good tire performance; therefore, less emphasis should be placed on 
such tests. 

SUMMARY 


The tests described herein show that in woven rayon passenger tires, tire 
performance is improved when the quantity of dip pickup is reduced, even 
though there is a sacrifice in adhesion values. 
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DRYING OF LATEX RUBBER DEPOSITS * 


E. G. PartripGe AND M. E. HANsEN 


AMERICAN ANopB, INc., AKRON, On10 


The drying of latex deposits is of utmost importance in the manufacture of 


rubber articles made from either synthetic or natural rubber latex. There are 
two distinct general types of latex deposits: one in which the article is made by 
so-called straight dipping, and the other in which the article is made by a 
coagulant-dip method. With each type of deposit the proper drying tech- 
niques are essential, and general drying principles apply to each. 

Straight dipping may be described as the dipping of a bare form into a 
liquid latex compound, without the use of a coagulant either before or after 
the dip into the latex. Rubber latex is a colloidal dispersion; the rubber, in 
the form of tiny particles, is dispersed in a water medium. Concentrations 
are varied, depending on the use to which the latex compound is put. When 
a bare form is immersed into a latex dispersion, the amount of latex which 
adheres to the form after withdrawal is dependent upon the concentration and 
viscosity of the dispersion, the speed of withdrawal of the form, the flow of the 
latex upon the surface of the form, and the turning or other manipulations 
which prevent the liquid from dripping off the form before gelation or drying. 

Regardless of the concentration or other factors which control the amount 
of liquid retained on the form, a drying procedure is necessary in making the 
completed article. The amount of water to be removed is the same amount 
expressed in percentage as that which occurs in the latex mix itself. In 
general, a finished thickness of between 0.001-inch and 0.003-inch can be 
obtained for each dip. Greater thicknesses can be obtained by repeated dip- 
pings. In any event, some drying is necessary after each dip, and finally, 
complete removal of water is necessary before the article can be completed. 

When an article is made by a single dipping, the complete drying is done 
in one operation; while with more than one dipping, complete removal of water 
need not be effected until after the last dipping is completed. 

In single dipping, the latex film passes through two stages of wetness during 
the drying procedure. The first stage can be called ‘‘coagulation”’, the second 
stage, “drying”. The first stage consists of evaporating enough water for 
coagulation of the deposit to occur. Since latex is a colloidal dispersion, each 
particle has on its surface an electrical charge. In ordinary latex this charge 
is negative, although positively charged latices can be produced. In either 
case, because of the same charge on each particle, the particles remain dis- 
persed, because like charges repel each other. The particles exhibit Brownian 
motion which can be seen under a microscope. For that reason, when straight 
dipping methods are used, enough drying or water removal must first be done 
so that the deposit becomes coagulated in spite of the like charges on each 
particle. 

* Reprinted from the India Rubber World, Vol. 119, No. 1, pages 341-344, December 1948. This 


paper was presented before the Division of Rubber Chemistry of the American Chemical Society at its 
meeting in Los Angeles, California, July 22, 1948. 
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THE FIRST STAGE OF DRYING 


For this first stage of drying, called coagulation, the condition of the air 
must be right. The most important condition is the dew point of the air, but 
temperature and velocity also must be considered. As in any drying pro- 
cedure, the water to be removed must be vaporized. For each pound of water 
to be evaporated, approximately 1000 B.t.u. of energy is required. Heated 
air is usually used to supply the necessary B.t.u.’s. The rapidity of the 
evaporation depends on the difference in temperature between that of the 
latex compound retained on the form and that of the air used. In general, 
the higher the temperature of the latex bath, the faster is the evaporation of 
the water from the deposited film. In most instances the latex compound is 
maintained at room temperature, but may be held at a lower temperature. 
Jackets around the latex tank are often used, in which cooling water is circu- 
lated to keep the latex mix at a lower temperature. 

The reason for this cooling is to maintain uniform viscosity and concen- 
tration, and to prevent, in some cases, any premature curing or vulcanization 
of the individual rubber particles, which usually causes a less perfect rubber 
film. In many instances, however, prevulcanization of the liquid latex is advo- 
cated where it is advisable to decrease the processing time of manufacture and 
where a film does not require the most perfect physical characteristics of the 
rubber. 

It is possible to form a wet film of latex and to put this film, before coagu- 
lation, into a stream of hot air and actually make it wetter and more fluid 
before drying actually begins; this action occurs when the dew point of the 
air is higher than the temperature of the latex film. When evaporation of 
water from a wet, flowable liquid takes place, the liquid is cooled by the re- 
moval of some of the energy in the liquid to furnish the heat of vaporization. 
Therefore, if the surface of the liquid is cooled to a temperature below that 
represented by the dew point of the air surrounding the film, water condenses 
from the air on to the surface of the wet latex film and thus makes the film 
wetter. The phenomenon is readily illustrated by the “sweating” or conden- 
sation of water on the surface of a cold glass of water. When this condensation 
occurs, actual evaporation of water from the film does not take place until the 
temperature of the film is raised to a point above that of the dew point tem- 
perature. Two methods can be used to counteract this tendency: one is to 
maintain the temperature of the latex above the dew point temperature of the 
air or, second, to reduce the dew point temperature of the air. The first method 
can be used if the latex bath can be maintained at a higher temperature without 
any undesirable change occurring in the latex. The second method can be 
accomplished by reducing the absolute humidity (or total amount of moisture) 
of the air. The dew point of the air depends entirely on the total amount of 
moisture present in the air (absolute humidity) and not on the relative humid- 
ity of the air. 

These conditions can be determined from a psychrometric chart. The 
following example will illustrate: if air is used at a dry bulb temperature of 
85° F and 50 per cent relative humidity, the wet bulb temperature will be 
approximately 70.7° F; the dew point will be 64.2° F; and the air will contain 


90 grains of moisture per pound of dry air. If that same air is heated to 150° F, ’ 


and no moisture is added to the air, the relative humidity will be decreased to 
8 per cent; the wet bulb temperature will be increased to 87° F; but the dew 
point will remain at 64.2° F, and the air will continue to contain 90 grains of 
moisture per pound of dry air. It is, therefore, evident that if the air is heated, 
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and consequently the relative humidity is reduced, there still can be no evap- 
oration of moisture from the film until the temperature of the film is raised to 
some temperature above 65° F. In fact, at either dry bulb temperature, 
moisture condenses on the surface and makes the flowable film wetter before 
any drying can take place. If the first method, namely, controlling the tem- 
perature of the mix, is used, the temperature of the latex should be maintained 
at 70° F or above. 

If, however, the latex cannot be maintained at such temperature, the only 
alternative is to reduce the absolute humidity of the air by a dehumidifying 
process. That can be accomplished by using one of two methods. It can be 
done by refrigeration, by which the water content of the air is reduced by 
condensation from it. The objection to this method is that usually after the 
air is cooled to remove the moisture it must again be heated to reduce the 
relative humidity to obtain the fastest removal of water from the wet latex 
film. The second practical method of removal of moisture from the air is by 
use of silica gel or similar material which absorbs moisture from the air. The 
advantage of this method is that, when the moisture is absorbed, the energy 
released (that is, the equivalent of the heat of vaporization, which is approxi- 
mately 1000 B.t.u. per pound of moisture absorbed) is converted to sensible 
heat and raises the temperature of the dried air passing through the dehumidi- 
fier. The temperature of the air passing through the dehumidifier is raised 
25 to 50° F, depending on the amount of moisture removed from the air. 

THE SECOND STAGE OF DRYING 

After the latex film has been coagulated by the removal of enough water, 
the wet film is changed to a solid film (which cannot be reversed again to a 
liquid), but it still contains a quantity of water which must be removed after 
the film has become solid. It makes little difference what the absolute humid- 
ity of the air is, because it does no damage to the deposit. At this stage the 
temperature of the deposit has usually been raised above the dew point; but, 
if condensation does occur, it merely increases the time necessary for complete 
drying. After coagulation, complete removal of water from the solid film 
depends on the relative humidity and the velocity of the drying air. 

At this point in this paper we shall consider the drying of a coagulated film 
as such, since the problems of complete drying are the same whether the deposit 
was made by straight dipping or by a coagulant-dip process. 

When an article is made by the coagulant-dip method, the coagulant sets 
up the deposit. If the coagulant is applied to the form before any dipping is 
made in the latex, the thickness of the deposit depends on the time the coagu- 
lant-treated form is allowed to remain in the latex bath. Shortly after the 
desired thickness has been obtained and the forms are withdrawn from the 
latex, the entire surface of the deposit is set up to a solid. This solid deposit is 
part water and part rubber, usually about the same concentration of each as 
that in the latex mix used. 

In some instances, with certain accelerators present, the best cure cannot 
be obtained until all the water is evaporated. In most instances a superior 
rubber product is obtained when the article is completely dried before curing 
or vulcanizing. A prevulcanized compound can be used to speed up processing 


time, but if such a material is used, a rubber product with less desirable physical 
characteristics usually results. 

It is possible to do both drying and curing in one oven, provided the proper 
temperatures of time and air circulation are provided. In the case of near- 
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fap- §f spherical products, such as balloons, a maximum air temperature of 175 to 
1to — 180° F should be used for drying, and a temperature of 220° to 250° F for 
ure, — curing. For flat articles, such as a flat bathing cap, the drying temperature 
fore must be considerably lower to prevent blistering between the form and the 
om- deposit. In all instances when blowing or blistering occurs during drying, the 
ned temperature is too high. 
As mentioned previously, when a coagulant-deposited latex film is obtained, 
uly the deposit on the form usually has the same concentration of solids as that 
ing in the liquid latex mix. As the coagulant diffuses into the latex, a solid film 
be is formed around the form or mold. If mixes of approximately 50 per cent 
by solids are used, the coagulated deposit will also be approximately 50 per cent; ! 
_ that is one-half of the deposit is water, and one-half is rubber components. 
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Figure 1 illustrates the character of a freshly deposited latex film. This 
t illustration is typical of the cross-section of such a film. The form is illustrated 
F by the shaded portion on the left; the deposit is illustrated by the‘circles at the 
5 right. The deposit consists of a number of solid rubber particles, illustrated 
5 by the small circles; the space between the circles represents the water medium 
which surrounds the rubber particles. The water medium is a continuous 


phase. | 
It is obvious from this illustration that, during the drying operation, all the 
water must be removed from the outside or exposed surface. Two funda- 
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mental principles, therefore, are involved in the drying of the coagulated film: 
first, the migration of the water to the outside surface, and, second, the removal 
of the water from the outside surface as fast as it migrates to this surface. 
The migration of water to the outside surface depends on the temperature of 
the deposit, and the removal of the water from the surface depends on the air 
conditions, such as velocity and relative humidity. 

During the leaching operation, usually used for any coagulant-treated 
deposit, after the deposit is formed and before drying, some of the water is 
eliminated from the deposit because the shrinkage of the deposit during the 
leaching process mechanically squeezes some of the water from the deposit. 
This action brings the coagulated particles closer together. 

Figure 2 illustrates a partially dried deposit. The outside layer is almost 
dried and has shrunk because, as water is removed from around the particles, 
they move closer together, thus greatly restricting the openings for further 
diffusion or migration of the water from the inner portions of the deposit. The 
rate of migration depends on the temperature and the pressure of vaporized 
water, which enables the water to pass through the dried layers of rubber. 
When proper drying conditions are present and the thickness of the deposit is 
not too great, a major part of the water is removed during the first 15 minutes 
in the drier. It takes considerably longer to remove totally all the water. 

Figure 3 illustrates a deposit which’is partially dried, as in Figure 2, but 
which has been subjected to so much heat that a blister has been formed be- 
tween the form surface and the deposit. 
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Since the water must migrate to the outside surface to be removed, and 
since this migration depends on the temperature and the degree of shrinkage 
in the dried section, the temperature must be carefully controlled in the drier. 
The pressure generated by the vaporization of the water forces it to either 
surface of the deposit, whichever offers the least resistance. Therefore, if the 
vapor pressure generated is less than the resistance through the dried surface, 
the water vapor is forced through the undried section on the form side. As 
this vapor pressure increases, more water vapor collects under the deposit, and 
larger blisters are formed. 

One other force is involved in drying spherical articles, such as balloons, 
which counteracts the pressure of the vapor. This force is the pressure exerted 
by the shrinkage of the deposit during drying. This is illustrated in Figure 4. 
The arrows show the direction of the shrinkage forces exerted during drying 
on around surface. This shrinkage force is toward the center of the form and 
therefore has a tendency to counteract the vapor pressure generated by mois- 
ture between the deposit and the form. The practical method of control of 
these forces is by keeping the temperature low enough so that the rate of 
vaporization of the water is no greater than that which allows the vapor to 
migrate to the outside surface. In practice, it has been found that for articles 
such as balloons, which have a circular cross-section, a temperature of 175° to 
180° F is usually satisfactory; while for flat articles 140 to 150° F is usually 
the maximum which can be used to eliminate blisters between the deposit and 
the form. 

The material from which the form is made is also important. The faster 
the form absorbs heat, the higher the temperature permitted in the drying 
oven and the faster is the drying. Materials such as aluminum, stainless steel, 
and porcelain are suitable for forms; while materials like rubber, plastics, and 
similar materials increase the drying time necessary. 

Figure 5 illustrates a perfectly dried film of latex rubber. There are no 
evidences of any appreciable amount of water left in the deposit, and the 
deposit is tight against the form. 


AIR VELOCITY AND OTHER CONSIDERATIONS 


As previously indicated, the function of air circulation in the drying oven 
is to remove water vapor from the outside surface of the deposit as fast as it 
migrates to that surface. The amount of water which the air is capable of 
holding depends on the moisture content of the air and the temperature of 
that air. Taking the conditions of air previously mentioned: namely, air at 
a dry bulb temperature of 85° F and a 50 per cent relative humidity, con- 
taining 90 grains of water per pound of dry air, the maximum amount of water 
which the air is capable of holding at 100 per cent relative humidity would be 
184 grains of moisture. When that air is heated to 150° F, the relative humid- 
ity is reduced to 8 per cent, but the total amount of moisture which it is capable 
of holding would be considerably greater than 800 grains of moisture. In fact, 
at 800 grains of moisture per pound of dry air, the air would have a relative 
humidity of 60 per cent. It is readily seen, therefore, that the rate of evapo- 


ration is much greater with the increased temperature. The deposits could ~ 


be dried at 85° F, but could be done much faster at 150° F. Heating the air 
decreases the relative humidity, but does not change the dew point temperature 
unless actual moisture is either added to the air or taken away from it. 

It is essential that the air have a definite and controlled circulation to 
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obtain the maximum evaporation of the moisture. When there is very little 
or no circulation of the air, the air immediately surrounding the deposit soon 
becomes saturated with moisture, and until this saturated air is replaced with 
low-humidity air, no additional drying can take place. Therefore, in an oven 
in which no air circulates, the deposit never dries satisfactorily, regardless of 
the temperature of the air, if the air around the deposits becomes saturated 
with moisture. 

Experiments have shown that a linear velocity of 200 feet per minute is 
ample and that no advantage is obtained with a greater velocity. This velocity 
is that of the air passing the surface of the forms and not that from the duct 
work or the fan. Two hundred feet per minute is equivalent to a speed of 
2.27 miles per hour, which in itself is a very low velocity. 

Design of ovens should be such that the air is forced through the oven and 
between the individual forms in the oven. The air travels along the path of 
least resistance, and if large open areas extend through the oven, most of the 
air travels through these areas, and very little passes directly between the 
forms themselves. In the general design of the oven, fan capacity for between 
five and ten changes of air per minute should be provided, and the duct work 
should be so designed that the air is forced between the forms. In general, 
cross-circulation is best, although vertical circulation is satisfactory, provided 
that the forms are mounted in such a way that there is no barrier to the air. 
Longitudinal circulation should rarely be used. The design should provide 
numerous air openings so that proper circulation and recirculation can be 
obtained. It is also important properly to distribute the air in the oven so 
that a uniform temperature is obtained. Temperature controls are important 
to maintain constant conditions. 

Almost any source of heat can be used. Steam is usually the cheapest and 
the most easily controlled. If steam is used, the temperature of the steam 
in the heating coils should be at least 50° F higher than that desired in the 
oven. Gas or oil-fired units are very satisfactory. Such units should not 
exchange the gases of combustion directly into the oven but should pass them 
through a heat exchange so that clean air can be heated and circulated. A fire 
hazard may be created by putting the combustion gases directly into the oven. 
Infrared heat has not been proved very satisfactory because of the difficulty 
in controlling the heat to the comparatively low temperatures used and also 
the difficulty of obtaining uniform temperatures. Other types of electrical 
heating units can be used but the cost of operation is excessive. 


CONCLUSION 


In conclusion, it may be stated that the general principles of drying latex 
rubber deposits are much the same as for drying any other article, but there are 
conditions present that make drying more difficult. The porosity of the 
deposits decreases as drying proceeds; consequently the diffusion of the water 
through the deposits is progressively slower. Blisters can be formed between 
the deposits and the forms, but the formation of blisters can be controlled. 
During drying, flowable films such as those created by straight dipping can 
become wetter after being put into a drying oven. All these difficulties can 
be overcome by the proper design of ovens and the proper applications of 
fundamental drying principles. 





